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Nadat ik een paar jaar in de industrie gewerkt had, dacht ik: “mmm, een doctoraat… 
dat zal wel iets zeer individualistisch zijn”. Maar dit was allesbehalve zo. Ik heb de 
kans gekregen om deel te nemen aan  verschillende nationale en internationale 
projecten. Deze samenwerking heeft geleid tot zowel een wetenschappelijke 
verwezenlijking maar misschien vooral op persoonlijke ontwikkeling. Hierbij zou ik 
dan zeker alle verschillende partners in de verschillende projecten willen bedanken 
voor de aangename interacties. Een tweede reden waardoor ik vind dat een doctoraat 
allesbehalve individualistisch is, is dat alle behaalde wetenschappelijke uitkomsten, 
een resultaat zijn van een team. En ieder team heeft een leider nodig. In dit zou ik 
me geen betere leiders kunnen voorstellen dan Wim Van Paepegem en Joris 
Degrieck. Ik zou ze echt van harte willen bedanken voor de opportiniteit dat ze me 
gegeven hebben en zeker ook voor de steeds intersessante visies en discussies en 
niet enkel in het wetenschappelijk domein hoewel ze daar zeker in excelleren. Wim 
in het bijzonder jou voor mij de vrijheid te hebben gegeven om mijn doctoraat vorm 
te geven en me bij te sturen daar waar nodig was. Maar vooral bedankt op menselijk 
vlak, zeker tijdens de zwaardere periode voor mijn familie. Daar zijn geen woorden 
voor.  
Enkele van de grote krachten achter het team zijn Luc en Pascal die steeds klaar 
stonden om me te helpen. En “onmogelijk” is het enige dat jullie niet kunnen 
verwezenkijken in ons atelier. De gesprekken tijdens de pauzes waren steeds een 
kans om eens goed te lachen en dat vaak door/ dankzij ;-) jullie.  
Ook zou ik de dames Martine, Line en Ilse willen bedanken voor het oplossen van 
mijn administratieve problemen en Roger voor al de ICT oplossingen te bezorgen. 
De collega’s/ vrienden die ik in onze vakgroep heb leren kennen vervolledigen de 
zichtbare kant van het team. Ives een dikke merci voor al uw experimentele 
expertise en uw bereidheid tot helpen en de gesprekken ivm duiken…Ebrahim and 
Ali, the philosophical and world changing talks were as interesting as useless :-) but 
I enjoyed it. I’m still waiting for you to start a pizza restaurant. Nicolas en Mathias 
en Diederik samen en grappige herinneringen in overvloed als gevolg. Geert dikke 
merci voor de adviezen hoe goed of hoe fout ze ook waren :-). Het woord delegeren 
heeft sinds dat ik u ken een nieuwe dimensie gekregen. Budapest zal ik me steeds 
herinneren door Reddy en Eli, vooral na een lezing waar de grappigste “crack” werd 
beschreven hé Eli en Reddy ivm een een xxxmachine. Jana, het feit dat iedereen 
weet dat je een pintje kan verzetten is bij deze vereeuwigd :-). De avonden met u en 
Klaas waren super en er zullen er nog een paar volgen denk ik. Klaas ik denk dat we 
een kleine weg samen hebben afgelegd en dat het einde nog lang niet in zicht is. 
Siva and Sridhar thanks to you guys I have another thought about India. Ik zou ook 
in het bijzonder Diederik en Joachim willen bedanken als bureaugenoten. Mijn 
beleving van de voorbije jaren zou niet hetzelfde geweest zijn zonder jullie. Ilse 
bedankt om me te helpen met mijn toekomst. Ik zou ook alle ex-collega’s en de 
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nieuwere generaties willen bedanken: Joren, Sam, Siebe, Ruben, Gabrielle, Jung, 
David, Reza, Frances, Inge, Frederik, Mathijs, Dorien, Rudy, Stijn, Joost... 
Maar de basis van mijn team zijn mijn familieleden, vrienden en mijn vriendin. 
Vrienden jullie weten wat jullie betekenen. Mama ik kan niet verwoorden wat je 
aandeel is in mijn doctoraat en veel meer dan dit. Je onvoorwaardelijke steun samen 
met die van Philippe, Christel en Luka zal ik nooit vergeten. Papa, ce livre, je te le 
dédie. Caroline je hebt de zwaarste momenten van mijn doctoraat mogen doorstaan 











































Advanced technical composites like glass fibre (GF) or carbon fibre (CF) reinforced 
plastics are of increasing  interest to the automotive, aerospace, wind, sporting good 
and oil industry over the last decades. If one has a look at the aerospace industry, the 
amount of advanced composite components in the aircrafts increases exponentially 
over the last decades, reaching more than 50% of the mass in the Airbus A350 and 
in the Boeing 787 Dreamliner but almost 80% of the volume. With an increasing 
demand in energy and with the regulations leading to less CO2 exhaust (European 
program Horizon 2020), major companies are switching to composites because of 
the very high stiffness to weight or strength to weight ratio’s. This increase in use of 
the composite materials in the industry leads to an increase in need of understanding 
of the mechanical behaviour of the composite materials both under (quasi-) static 
and dynamic loading. The woven fabric reinforced composites are increasingly used 
in the development of new parts due to the increase in use of the resin transfer 
moulding production method and their ease of handling. Additionally the textile 
composites have superior mechanical behaviour in the through thickness direction 
improving the response of the parts undergoing loads with through thickness strains 
and stresses. Compared to the time consuming and labour intensive experimental 
testing needed for gaining knowledge of the textile reinforced composite materials, 
detailed numerical modelling using a Representative Unit Cell (RUC) finite element 
(FE) analysis has been proven to be a valuable and efficient alternative. But the 
textile reinforcements generate specific difficulties due to its architecture. For 
example the crimp area (overlapping zone of weft and warp yarns) has an important 
influence on the simulated elastic properties and the local strain profile effects the 
damage initiation and propagation within the composite. Therefore a lot of research 
has been performed on of meso-scale finite element models with periodic boundary 
conditions (PBC). One of the reasons the industry at this moment does not use the 
meso-scale in their design process is the complexity of the creation of such 
numerical models. Basically the need of the industry is to have numerical tools 
allowing the creation of virtual tests replacing all the real tests needed for obtaining 
the elastic properties of a real manufactured composite. On the other hand after the 
elastic deformation of a composite, important damage mechanisms can occur and 
make the composite fail under certain loading conditions. Delamination is one of the 
most difficult and common types of damage in laminated composite structures due 
to the relatively weak interlaminar strengths and is of great interest for the industry. 
But the prediction of the delamination with the existing techniques, with the 
cohesive zone method being one of the most used, is challenging and very time 
consuming. Therefore numerical tools for the analysis of damage at macro-scale, 






Two main goals were established for this dissertation: (i) the creation of a 
framework for the construction of numerical meso-scale models in order to simplify 
the pre-processing of those numerical models; (ii) an analysis of all the different 
numerical parameters influencing the virtual tests of delamination in composites. A 
systematic approach was handled through this research work: starting from the state 
of the art with the analysis of the limitations of the existing techniques, a new 
solution was developed and benchmarked to the existing state of the art and to the 
experimental results for validation. 
 
Concerning the state of the art for the meso-scale FE analysis of a composite RUC 
with periodic boundary conditions, some limitations were identified and can be 
summarized as follows: for a meso-scale RUC of a textile reinforced composite 
either periodic meshes are needed at opposite faces, either non-identical meshes at 
opposite faces are allowed but the model consists of a unique mesh part or a unique 
material. A consequence is that if such a mesh of a textile reinforced composite 
RUC should be obtained, the reinforcing architecture has to be created with 
idealized cross-sections and shapes with no interactions between the yarns and the 
matrix. But the industry wants to be able to study non-ideal situations with real 
manufactured architectures including variable cross-sections of the yarns, or 
misalignments… A mesh of such a RUC including these non-ideal models will lead 
to non-periodic meshes at opposite faces. Therefore a new technique for the 
implementation of periodic boundary conditions has been developed in this research 
work. For the validation of the new approach of the meso-scale FE analysis, a 
polyphenylene sulphide (PPS) thermoplastic reinforced with a 5-harness satin weave 
carbon fibre fabric was used ( = CETEX material). The software created in this work 
(ORAS: Object oriented, RUC, Assembly Software) automatically generates the 
periodic boundary conditions on non-identical meshes at opposite faces of the RUC. 
Additional numerical tools were implemented for the ease of the development of 
meso-scale finite element models like for example: a tool for the automatic creation 
of surfaces on existing mesh parts or a tool allowing a Boolean operation on an 
existing mesh. The new technique has been validated by means of a benchmark with 
existing state of the art techniques resulting in the elastic properties of the CETEX 
material as well as a comparison with experimentally obtained results. The new 
technique shows very good correlation with both the state of the art and the 
experimental results. Finally the local strain profiles of the RUC which are very 
important for the numerical prediction of the strength of a composite were studied 
and compared to experimental results and to the state of the art numerical 
simulation. In order to show the potential of the new technique, some examples of 
complex meso-scale RUC models were generated and/or calculated implementing 
non-identical meshes at opposite faces, a non-idealized yarn in the RUC or the 
integration of a hole in an RUC. 
 
Another issue is the definition of damage parameters for the simulation of 





implementation of damage models in a macro-scale model. In order to be able to 
build such models, experimentally obtained parameters are needed. Some of these 
parameters like the critical strain energy release rates (GIc for mode I and GIIc for 
mode II) can be defined by a Double Cantilever Beam (DCB) test for mode I and the 
End Notched Flexure (ENF) test for mode II. In order to be able to simulate mixed 
mode delaminations, an extra material parameter is needed and can be obtained with 
a Mixed Mode Bending (MMB) test. The ASTM standard for the mode I DCB test 
is originally applicable on unidirectional (UD) composites. In order to understand 
the influence of all the different parameters inherent to the DCB test, a complete 
investigation was performed on a UD glass fibre reinforced epoxy composite. With 
that knowledge a procedure was developed for the calculation of the mode I critical 
strain energy release rate for the woven fabric reinforced composites like the 
CETEX material is. Additionally a mode II ENF test was performed on the CETEX 
material. In all the papers implementing delamination simulations not all the 
parameters are given in order to build systematically accurate numerical simulations 
of the DCB, ENF or MMB test by different users. Therefore a complete numerical 
parametric study has been performed of the possible parameters influencing the 
results of a numerical DCB and ENF simulation like: mesh size, strength at failure 
initiation, stabilization method, output frequency, friction, geometry and positioning 
of the test sample…. The lessons drawn from this parametrical study were 
implemented and applied on the CETEX material for both the DCB and the ENF test 
simulation and on the glass fibre reinforced epoxy material for the mode I DCB test. 
The numerical results showed a good correlation with the experimental results and 
with the analytical approach. From this study it can be concluded that the papers 
dealing with delamination simulations using cohesive elements should give all the 
details of the necessary parameters in order to be able to reproduce the data from the 
manuscripts.  
Finally, the research community and the industry are agreeing about the fact that the 
pre-processing for the creation of delamination models including cohesive zone 
models (cohesive elements) is time consuming and cumbersome both for the macro-
scale and the meso-scale models. In this work tools have been developed 
overcoming some of these difficulties and simplifying the development steps of 




























Geavanceerde technische composieten zoals glasvezel (E: GF) of koolstofvezel (E: 
CF) versterkte kunststoffen zijn over de decennia van toenemend belang voor de 
automobiel-, luchtvaart-, wind-, sport- en olieindustrie. Als men de 
luchtvaartindustrie beschouwt, stijgt de hoeveelheid van gebruikte geavanceerde 
composieten componenten in de vliegtuigen exponentieel in de afgelopen decennia, 
tot meer dan 50% van de massa in de Airbus A350 en de Boeing 787 Dreamliner, 
wat bijna 80% van het volume vertegenwoordigt. Met een toenemende vraag naar 
energie en de opgelegde voorschriften die leiden tot een lage CO2 uitstoot (Europees 
programma Horizon 2020), schakelen grote bedrijven over op composietmaterialen 
vanwege de zeer gunstige ratio’s van  stijfheid over gewicht of strekte over gewicht 
die deze materialen karakteriseren. Deze toename van het gebruik van 
composietmaterialen in de industrie leidt tot een toenemende behoefte aan inzicht in 
het mechanisch gedrag van de composietmaterialen zowel onder (quasi-) statische 
en dynamische belastingsgevallen. Textielversterkte composieten worden steeds 
meer gebruikt bij de ontwikkeling van nieuwe onderdelen door het toenemend 
gebruik van de harsinjecterende productiemethode (E: RTM) en hun gebruiksgemak 
bij het plaatsen van de vezels in de nodige mallen. Bovendien vertonen 
textielcomposieten een verbeterd mechanisch gedrag in de dikterichting van de 
composiet. Dit leidt to een betere respons van deze onderdelen die krachten 
ondergaan die spanningen en rekken in de dikterichting veroorzaken. Vergeleken 
met de tijdrovende en arbeidsintensieve experimentele testen die nodig zijn voor het 
vergaren van kennis van de textielversterkte composietmaterialen, vormen 
gedetailleerde numerieke modelleringen met behulp van een eindige elementen (FE)  
representatieve eenheidscel (E: RUC) een waardevol en efficiënt alternatief. Maar de 
vezelversterkte textielcomposieten genereren specifieke problemen vanwege de 
architectuur van het textiel. Bijvoorbeeld het krimp gebied (overlappende zone van 
de inslag en de schering vezelbundels) heeft een belangrijke invloed op de 
gesimuleerde elastische eigenschappen en de gesimuleerde rekprofielen met 
invloeden op de schade-initiatie en de schade-propagatie van het composiet. Daarom 
werd er reeds veel onderzoek gedaan op het modelleren van meso-schaal eindige 
elementen modellen met periodische randvoorwaarden (E: PBC). Eén van de 
redenen waarom de industrie op dit moment de meso-schaal niet in het 
ontwerpproces heeft geïntegreerd, is de complexiteit van dergelijke numerieke 
modellen. De industrie heeft nood aan numerieke instrumenten voor het creëren van 
virtuele testen die de echte experimenten vervangen voor het bekomen van de 
elastische eigenschappen van een reëel vervaardigd composiet. Anderzijds na de 
elastische vervorming van een composiet kunnen belangrijke schademechanismen 
ontstaan en kan het composiet falen onder bepaalde belastingsomstandigheden. 
Delaminatie is één van de moeilijkste en meest voorkomende soorten schade in 





van groot belang voor de industrie. Maar de voorspelling van delaminatie via de 
bestaande technieken, met de cohesieve zone methode (E: CZM) als één van de 
meest gebruikte methodes, is complex en tijdrovend. Daarom zijn numerieke 
hulpmiddelen voor de analyse van schade op macro-schaal en vooral delaminatie 
tussen de lagen van een composiet noodzakelijk. 
 
Twee hoofddoelstellingen werden opgesteld voor dit proefschrift: (i) het creëren van 
een kader voor de constructie van numerieke meso-schaal modellen om zo het werk 
gerelateerd aan de opbouw van dergelijke numerieke modellen te vereenvoudigen; 
(ii) een analyse van de verschillende numerieke parameters die de virtuele testen van 
delaminatie in composieten beïnvloeden. Een systematische aanpak werd gehanteerd 
doorheen dit onderzoek: uitgaande van de state of the art en het bepalen van de 
beperkingen van de bestaande technieken werd een nieuwe oplossing ontwikkeld en 
getoetst aan de bestaande technieken alsook aan de experimentele resultaten. 
 
Van de bestaande technieken die gebruikt worden voor de meso-schaal eindige 
elementen analyse van een composieten RUC met periodische randvoorwaarden 
werden volgende beperkingen geïdentificeerd: voor een meso-schaal RUC van een 
textielversterkt composiet is er ofwel een periodische eindige elementennet (E: 
mesh) nodig op overstaande vlakken van het RUC ofwel zijn niet-identieke mazen 
aan tegenoverliggende vlakken toegestaan, maar bestaat het RUC model uit een 
unieke mesh of één enkel materiaal. Een gevolg is dat indien zo’n mesh van een 
textielversterkt representatieve eenheidscel moet verkregen worden met een 
commercieel eindige elementenpakket, de versterkende architectuur opgebouwd 
moet worden uit vezelbundels met geïdealiseerde doorsneden en geometrie alsook 
met een geïdealiseerde positie van de bundels zonder interactie tussen matrix en 
vezelbundels. Maar de industrie wil uiteraard ook de mogelijkheid hebben om niet-
ideale architecturen te bestuderen zoals reëel geproduceerde composietmaterialen 
met variabele doorsneden van de bundels, of met bepaalde defecten in het 
composiet. Dergelijke imperfecties zullen leiden tot niet-periodische mazen aan 
overstaande vlakken van het RUC. Daarom werd in dit doctoraat een nieuwe 
techniek ontwikkeld voor het implementeren van periodische randvoorwaarden op 
RUC modellen bestaande uit niet-periodische eindige elementenmazen. Voor de 
validatie van de nieuwe aanpak van de meso-schaal eindige elementenanalyse werd 
een polyfenyleensulfide (PPS) thermoplastische versterkt met een koolstof 
satijnweefsel gebruikt (= CETEX materiaal). De software die in dit werk werd 
gecreëerd (ORAS: Object-oriented, RUC, Assembly Software) genereert 
automatisch de periodische randvoorwaarden op niet-identieke mazen van 
overstaande vlakken van de RUC. Extra numerieke werktuigen werden 
geïmplementeerd voor het gemak van de ontwikkeling van de meso-schaal eindige 
elementenmodellen zoals bijvoorbeeld: een instrument voor het automatisch 
genereren van oppervlakken op bestaande eindige elementenmodellen, of een 
instrument waarmee een Booleaanse bewerking op een bestaand eindig 





de resultaten van de gesimuleerde elastische eigenschappen van het bestudeerde 
CETEX materiaal te vergelijken met deze bekomen via de bestaande technieken 
alsook via een experimentele vergelijking. De nieuwe techniek vertoont een zeer 
goede correlatie met zowel de bestaande technieken en de experimentele resultaten. 
Uiteindelijk werden de gesimuleerde rekprofielen van het RUC, welke bepalend zijn 
voor de voorspelling van de schade-initiatie en de sterkte van het materiaal, 
vergeleken met de experimentele rekprofielen alsook deze die berekend werden 
gebruik makend van bestaande technieken. Om het potentieel van de nieuwe 
techniek te bekrachtigen werden voorbeelden van complexe meso-schaal RUC 
modellen ontwikkeld met niet-ideale architecturen en dus niet-periodische mazen 
aan overstaande vlakken van het RUC alsook een RUC waarin een gat werd 
geïntegreerd. 
 
Het tweede aangekaart probleem is het bepalen van de schadeparameters voor de 
simulatie van delaminatie onder mode I, mode II of mixed mode I/II 
belastingsgevallen en de implementatie van de schademodellen in een macro-schaal 
model. Om dergelijke simulaties te kunnen uitvoeren zijn experimenteel bepaalde 
materiaalparameters nodig. Sommige van deze parameters zoals de kritische 
scheurvormingsenergie (GIc voor mode I en GIIc voor mode II) kunnen verkregen 
worden door middel van een “Double Cantilever Beam – DCB” test voor mode I en 
de “End Notched Flexure – ENF” test voor mode II. Om een gecombineerde mode 
I/II delaminatie te kunnen simuleren is een extra materiaalparameter nodig en deze 
kan bepaald worden aan de hand van een “Mixed Mode Bending – MMB” test. De 
ASTM-norm van toepassing op de DCB test voor de experimentele bepaling van de 
kritische scheurvormingsenergie voor mode I  (GIc) is oorspronkelijk enkel geldig 
voor unidirectioneel (UD) vezelversterkte composieten. Om de invloed van de 
verschillende parameters die inherent zijn aan de DCB proef te begrijpen, werd een 
volledig onderzoek gedaan op een UD glasvezelversterkt epoxy composiet. Met de 
kennis hieruit voortvloeiend werd een procedure ontwikkeld voor de berekening van 
de mode I kritische scheurvormingsenergie van textielversterkte composieten. 
Daarnaast werd een mode II ENF-test uitgevoerd op het CETEX materiaal. In alle 
artikels waarin een simulatie van een delaminatie wordt gepresenteerd, worden nooit 
al de vereiste parameters meegedeeld voor het creëren van numerieke modellen die 
leiden tot repetitieve en accurate resultaten voor DCB, ENF en MMB testen door 
verschillende gebruikers. Daarom werd een volledige parametrische studie 
uitgevoerd van al de parameters met een mogelijke invloed op de numerieke 
resultaten van simulaties van een DCB en een ENF test. Deze parameters kunnen 
zijn: de grootte van het eindige elementennet, de maximale sterkte van het materiaal 
voor schade-initiatie, de stabilisatiemethode, de grootte van het tijdincrement, de 
wrijving, de geometrie en de positie van het testmonster. De getrokken conclusies 
van deze parametrische studie werden geïmplementeerd en toegepast op het CETEX 
materiaal voor de simulatie van zowel de DCB test als de ENF test en ze werden ook 
geïmplementeerd in de simulatie van een DCB test op een glasvezelversterkt epoxy. 





resultaten en de analytische benadering. De conclusie van dit onderzoek is dat indien 
een artikel geschreven wordt betreffende de simulatie van delaminaties, al de 
noodzakelijke parameters systematisch zouden toegevoegd moeten worden in de 
beschrijving van het model.  
De onderzoeksgemeenschap en de industrie zijn er het over eens dat de opbouw van 
numerieke modellen die delaminatie voorspellen gebruik makend van cohesieve 
elementen een tijdrovend en omslachtig werk is, zowel op macro-schaal als op 
meso-schaal. In dit werk worden numerieke instrumenten getoond die sommige van 
de tijdrovende en complexe aspecten reduceren en de ontwikkeling van complexe 
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Chapter 1  
Background and scope 
This chapter briefly describes the background and the 
scope of the research work. The problem statement and 
the objectives of the research are proposed followed by 
a brief summary of the content of the different chapters 
of this manuscript. 
1.1 BACKGROUND OF THE COMPOSITE MATERIALS 
 
Composite materials consist of two or more separate phases. These materials are 
ideal for structural applications where high strength-to-weight and stiffness-to-
weight ratios are required. The history of composite materials (composites) goes 
back to ancient times. Egyptians and Babylonians for example used straw to 
reinforce the sun baked mud bricks. But one can find composites in nature long time 
before humans even copied nature, in the form of wood for example. Since nature is 
optimizing strength-to-weight ratios for consuming fewer resources, humans 







Figure 1-1: a) Composites in nature [1]; b) Composites created by humans [2] 






The history of advanced modern composites probably began in 1937 when a 
salesman from the Owens Corning Fibreglass Company, which discovered 
fibreglass by accident in 1930, sold fibreglass to all interested parties in the United 
States of America. Especially the aircraft industry was interested since they were 
searching for a cheap alternative for the metal hydro press moulds for their metal 
sheet forming process. Each time a change in design was made of an aircraft, new 
expensive moulds were needed with long lead times. Therefore Douglass engineers 
came up with glass fibre reinforced plastic moulds [3].  
Since a few decades the aerospace industry is interested in reducing the weight of 
the aircrafts and spacecrafts in order to increase the payload the vessels carry. One 
way to do this is by replacing the existing heavy materials, often metals as steel, by 
lighter engineered advanced composites as fibre reinforced plastics for example 
without reducing the ability of the parts to withstand the foreseen external forces.  
An example of the increase in use of composite parts in the aeronautical industry 
(Airbus) is given in Figure 1-2 starting from more or less 5% of composite parts in 
the early Airbus fleet (A300) growing exponentially to reach more than 50% of the 
mass in the Airbus A350 [4] and the Boeing 787 Dreamliner, but representing 
around 80% of the volume. 
 
 
Figure 1-2: Increase of composite structural weight in the Airbus fleet over the 
last 40 years [4]  
 
With an increasing demand in energy and with the regulations leading to less CO2 
exhaust (European program Horizon 2020), major companies are switching to 
composites because of the very high stiffness to weight or strength to weight ratio’s. 
Europe stipulated its ambition to reduce the CO2 emissions drastically and on the 
website of the European commission [5] following can be found: “Additionally, 
transport is responsible for around a quarter of EU greenhouse gas emissions making 
it the second biggest greenhouse gas emitting sector after energy. Road transport 
alone contributes about one-fifth of the EU's total emissions of carbon dioxide 






(CO2), the main greenhouse gas. While emissions from other sectors are generally 
falling, those from transport have increased 36% since 1990. The EU has policies in 
place to reduce emissions from a range of modes of transport, such as including 
aviation in the EU Emissions Trading System (EU ETS) and CO2 emissions targets 
for cars” [5]. In order to reduce these CO2 emissions, the European Commission 
decided to impose limits of CO2 emissions for aviation, shipping transport and road 
transport. For instance the car regulation targets an emission of only 95 g/km by 
2020. Therefore the interest of using high performance materials, Fibre Reinforced 
Plastics (FRP), has increased largely in applications as for example aircraft, 
spacecraft or automotive applications, where the matrix is reinforced in a defined 
direction with fibres. The expected growth of the composite market (in M$) for the 
different business sectors like the sporting goods, the aerospace, the wind energy 
business, the oil and gas industry and the automotive can be found in  Figure 1-3 [6]. 
It can be seen that in 2020 the businesses having the biggest share in the composites 
market are the wind and aerospace industry. The reason the automotive is not 
growing more extensively is because of the high volumes of produced parts needed 
at very low production times. There is still some effort to be done by the research 
community on this topic and an example of on-going research for low cost 
manufacturing of composite material parts for the automotive is the 3D-LightTrans 
FP7 project [7]. The goal of this project is to create a low cost manufacturing chain 
of mass volume composite parts and short production times. 
 
 
Figure 1-3: Estimated evolution of the composites market from 2010 – 2020 [6].  
 
A lot of different materials are used in the composites industry. Besides the polymer 
matrix, different materials can be used as matrix and besides glass fibre, different 
types of materials can be used as reinforcement. In the following sections some 
examples will be given for both constituents. Additionally an overview of different 
reinforcement architectures will be given.   






1.2 COMPOSITE MATERIALS 
The combination of high stiffness (controls deflections and dynamic behaviour of 
structure) and strength (controls load carrying capability and resistance to damage of 
structure) with low weight makes composite materials natural candidates for 
aerospace, automotive and wind energy applications. A graph showing the 
differences between polymeric composites and metals concerning the tensile 
strength versus the density shows that very high tensile strengths can be achieved 
with very low densities compared to the ones obtained with metals (Figure 1-4). The 
most used composite materials are built up from two main constituents: the fibres 




Figure 1-4: Tensile strength vs. density for polymer composites and metals 
(CES Edupack) 






1.2.1 Types of matrix 
The matrix material surrounds the reinforcement material and forms the shape of the 
final component. It has following functions: transfer load in and out of the fibres, 
separation of the fibres to prevent failure of adjacent fibres if one fails and protect 
the fibres from the environment. Besides the matrix and fibres, a third phase, the 
interface, has to be considered which is a zone of modified matrix structure close to 
the fibre surface. Some properties of the composite viz. i) temperature and 
environmental resistance, ii) longitudinal compression strength, iii) transverse 
tensile strength and iv) shear strength are mainly defined by the matrix properties. 
The matrices can be divided in following categories: metal matrix composites 
(MMC), ceramic matrix composites (CMC) and polymer matrix composites (PMC). 
The most commercially used composites are the ones from the last category and 
therefore, the materials chosen in this PhD thesis will be PMC’s. The polymers used 
in PMC’s can be divided in two major groups of resins: thermosets and 
thermoplastics. Thermosets are long chain molecules curing by cross-linking a 3D 
network and cannot be melted and reformed. Fabrication of composites at relatively 
low temperatures and pressures can be achieved [8]. On the contrary thermoplastic 
polymers are already polymerized and form highly viscous liquids when melted. 
Therefore high pressures and temperatures are needed for the thermoforming of the 
parts. Table 1 gives an overview of advantages and disadvantages of both the 




Undergoes chemical change when 
cured 
Non-reacting, no cure required 
Low strain High strain to failure 
Low fracture energy High fracture energy 
Processing is irreversible Very high viscosity 
Very low viscosity possible Processing is reversible 
Absorbs moisture Absorbs little moisture 
Highly resistant to solvents Limited resistance to organic solvents, in 
some cases 
Advantages 
Relatively low processing temperature Short processing times possible 
Good fibre wetting Reusable scrap 
Formable into complex shapes 
Can be reprocessed, remelted and 
transformed 
Liquid-resin manufacturing feasible Rapid processing 
Resistant to creep Unlimited shelf life without refrigeration 
 High delamination resistance 
  







Long processing time Lower resistance to solvents 
Long (1-2h) cure Some thermoplastics may require high 
processing temperatures (300°C-400°C) 
and pressures (e.g. PPS, PEEK) 
Restricted storage life (requires 
refrigeration) 
Can be prone to creep 
 Very poor drapability and tack 
Examples 
Epoxy, Polyester, Polyurethane Nylon, Polypropylene, Polyethylene, 
Polyetheretherketone (PEEK), 
Polyphenylene Sulfide (PPS) 
Table 1: An overview of the properties of thermoset and thermoplastic matrices 
[8] 
 
Besides the matrix, the other important constituent of a composite material are the 
reinforcing fibres. Following section of this chapter introduces different possible 
types of fibres. 
 
1.2.2 Types of fibres 
The main functions of the reinforcing fibres of a composite part are to carry the load 
and to decrease the development of cracks in the matrix. Besides this, the elastic 
properties of a composite material are mostly defined by the stiffness of the 
reinforcing fibres. Therefore, when developing a composite part, the choice of the 
reinforcing material is of high importance. Many different fibres are manufactured 
for the reinforcement in composites and the plot in Figure 1-5 gives an overall 
picture of the properties of various fibres with the specific strength versus specific 
modulus. The values given have sometimes a big range of difference, since the 
variability of the properties of one fibre to another is large due to the multiple 
manufacturing processes needed for obtaining the desired fibre. Between fibres of 
the same material made by different processes, the resulting micro structure and 
therefore the properties differ even more markedly [9]. Additionally the subsequent 
handling of the fibres in the different manufacturing steps of the composite 
production process and the storage, reduces the tensile strength of the laboratory 
produced fibre. Since in the majority of the European countries pollution has 
become a hot topic, a lot of research has been started studying methods for lowering 
the ecological impact (e.g. the MAI recycling project doing research on the 
recycling of carbon fibre reinforced plastics [10]). Therefore a good understanding 
of the different fibres and their material properties is important. 







Figure 1-5: A plot of specific strength versus specific modulus for easy 
comparison of the properties of different types of fibre materials (CES 
Edupack) 
 
The most commercially produced fibres can be classified in either the organic fibres 
group or in the inorganic fibres group. For the first classification, aramid and 
polyethylene fibres are the most well-known types. There are a number of (poly) 
aramid fibres commercially available, e.g. Kevlar
®
 (Dupont), Twaron (Teijin) and 
Technora (Teijin) with Kevlar
®
 being the most well-known. Although the 
polyethylene fibres, commercially available as Dyneema (DSM) or Spectra (Allied 
Signal), have very high specific strength, higher than the ones for aramid fibres, 






their major weakness is their resistance to higher temperatures (<135°C) whereas 
aramid fibres can withstand temperatures up to 300°C.  
The majority of the existing composites are produced using fibres of the organic 
classification with glass fibres being the most widely used due to the high strength 
for a relative low price. Different types of glass fibres with their own specificities 
can be found: E-glass (electrical resistant), C-glass (chemical resistant), S-glass (or 
R-glass in Europe) (high strength and stiffness), M-glass (high modulus: 120GPa) 
and X-Glass (high modulus: 125GPa and high strength: 7000MPa). Besides glass 
fibres, alumina fibres, silicon based fibres, boron fibres and carbon fibres can be 
found. The production of carbon fibres knows an exponential growth since the last 
decade and this increase is expected to maintain in the coming years, with an inverse 
relation to the price. The price is still high for the carbon (<95% C) and graphite 
(>99% C) fibres, and is routinely used in the aerospace and luxury market, since the 
higher cost can be justified by improved performance. The matrix and reinforcement 
fibres are linked together through the interface, which will be explained in following 
section 1.2.3. 
 
1.2.3 Interface between fibres and matrix 
The load applied to the composite has to be transferred from the reinforcement 
fibres to the matrix and vice versa. Thus in order to transfer the high stiffness and 
strength capabilities of the fibres through the composite, a strong bond between 
matrix and fibres has to be accomplished. A bad adhesion between fibres and matrix 
will lead to a lower stiffness and strength but higher resistance to fracture, whereas a 
good adhesion results in the opposite. The characteristics of the layer of the 
interface, only a few atoms thick, are very complex to determine and are found by 
analyses of the difference in properties of the composite when different bonding 
methods are tested. Besides the roughness of the fibre’s surface, the wettability of 
the fibre is important for a good adhesion. Wettability is the ability of the matrix to 
spread over a solid surface. After wetting the fibres a bonding will occur between 
matrix and fibres by: mechanical bonding, electrostatic bonding, chemical bonding, 
reaction bonding or a combination of those. With the materials of the matrix and 
fibres bonded by the interface layer, a fourth part will define the properties and 
characteristics of a composite, viz. the composition of the reinforcement (see section 
1.2.4). 
 
1.2.4 Composition of the reinforcement 
Additionally to the material properties of the individual constituents and the 
characteristics of the interface layer, the size of the reinforcement fibres and the 
surface roughness of the used fibres, the composition of the reinforcement is of 
capital importance for the stiffness, strength and fracture resistance. Figure 1-6 gives 
an overview of the most used composite reinforcements.  








Figure 1-6: Classification of most used composite reinforcements [11,12]. 
 
The category of reinforcement discussed about in this thesis is the textile fabric 
reinforcement preforms. Once the textile preforms are formed by weaving, braiding, 
knitting, etc. they are stacked in the desired direction and consolidated with the user 
chosen matrix material in order to obtain a composite laminate part. The interlacing 
yarns can improve the efficiency in a production environment since they allow a 
good drapability while maintaining the fibres in the desired directions of the 
composite part with a reduction of production cost as a consequence. Also they 
increase the damage tolerance as well as the inter- and intra-laminar strength 
compared to the unidirectional (UD) laminates. Additionally an improvement 
concerning the fatigue and impact resistance can potentially be achieved. On the 
other hand, depending on the architecture, a loss of stiffness and strength can occur 






due to the undulation of the yarns [13]. These advantages induce in the aerospace 
industry an increase in production using the fabric composites especially for RTM 
manufacturing processes [4] with the production of wing stiffeners and spars. Other 
industries are also using a lot of fabric materials for the production of their parts viz. 
automotive, marine and other industries as wind energy. Section 1.2.5 will give a 
more detailed discussion of the different forms of textile fabric materials shown in 
Figure 1-6. 
 
1.2.5 Textile structure reinforcement 
The following section will explain more in detail the production process and 
parameters impacting the mechanical properties of the composite using: 
a) Woven fabrics 
b) Braided fabrics 
c) Non crimp fabrics (NCF) 
1.2.5.a Woven fabrics 
Woven fabrics generally consist of two sets of interlaced fibre bundles, also called 
yarns or tows. The warp yarns are aligned with the direction of the fabric leaving the 
loom of the weaving machine. The weft yarns, sometimes called fill yarns, are 
interlaced with the warp yarns to form the woven fabric. 3D woven fabrics have 
additional yarns oriented in the through thickness direction which provides a 3D 
reinforcement. The damage tolerance and the resistance for delamination is 
increased compared to 2D woven fabrics. The most widely used 2D weaves are 
plain, twill and satin weaves. The typical weave patterns of these fabrics can be 
found in Figure 1-7.   
 
 
Figure 1-7: Schematics of plain weave, satin weaves and twill weaves [14] 
 






The mechanical properties of woven fabric composites depend upon complex 
combinations of following parameters: fibre bundles, weave architecture, yarn 
spacing, yarn size, yarn shape, yarn undulations, fibre orientations, stacking 
sequence, fibre volume fraction in the yarns, overall fibre volume fraction in the 
composite and the yarn crimp or the yarn crimp angle. The cross over points are the 
points in the woven fabric where the warp and the weft yarns cross each other. The 
zones created hereby are called crimp zones. The yarn crimp c is defined as [15] (see 
Figure 1-8): 




where:  Lu = the projected length of the undulated yarn 
 L0 = the length of the stretched yarn 
The crimp angle θ is the maximum angle the yarn makes with respect to the straight 
stretched yarn, or the angle between AB and CD [3]. 
 
Figure 1-8: Yarn crimp angle θ and yarn crimp length c 
 
The most common yarns of the woven fabrics have a circular or elliptic cross 
section. But nowadays spread tow fabrics or thin-ply fabrics are more and more used 
in the aerospace, automotive and leisure industry. A regular yarn with regular cross-
sectional dimensions has a width of a few mm and a thickness of a few hundreds of 
μm. For example the T300J carbon fibre yarn used in the CETEX material (see 
Chapter 2) has a width equal to 1.3 mm and a thickness of 0.16 mm. When these 
yarns are spread in a production step in order to obtain a yarn with a very high width 
over thickness ratio (e.g. a yarn with a width of 15-20 mm and a thickness of 0.05-
0.1 mm) one obtains spread tows. Once woven into a fabric very thin fabric layers 
can be obtained. The big advantage of these spread tow fabrics are:  
 the reduction of thickness with high fibre volume fractions 
 smaller crimp sizes 
 less cross over points are generated for equivalent surface area compared to 
woven fabrics with regular yarns 
 
 
Figure 1-9: Spread tow fabric (Textreme®) [16] 






1.2.5.b Braided fabrics 
By interlacing three or more yarns in a diagonal formation around a mandrel, an 
integral structure of braided fabric can be made (Figure 1-10). These textile 
reinforced fabrics excel in torsional strength and impact resistance. The channels 
between the yarns improve the resin distribution and are therefore suited for vacuum 






Figure 1-10: a) Basic braiding principle; b) Braided fan case of a GE aircraft 
engine produced by A&P Technologies [17] 
1.2.5.c Knitted fabrics 
Concerning the knitted fabrics, two categories can be distinguished viz. weft-knitted 
and warp-knitted fabrics. In the first one (Figure 1-11(a)), the yarns run width-wise 
and loops are formed by a single weft yarn. The direction in longitudinal direction is 
referred to as warp or wale direction and the transverse direction is referred to as the 
weft or course direction [18]. For the warp knitted fabric (Figure 1-11(b)), the 
overlaps in alternative courses are produced with one thread crossing between 






Figure 1-11: a) Weft-knitted fabric;   b) Warp-knitted fabric [18] 
 






1.2.5.d Non Crimp Fabrics (NCF) 
Compared to unidirectional laminates and prepregs, the woven and braided fabrics 
are cheaper to produce but have potentially reduced mechanical properties due to the 
crimp of the yarns and consequently due to the waviness of the yarns. A 
compromise can be obtained by assembling unidirectional layers by stitching, 
knitting and/or chemical bonding [11]. The resulting fabrics can be easily handled 
and draped in the forms of the requested composite parts. 
Stitched fabrics are obtained by piercing a stitching yarn through the UD plies at 
user defined positions. The final pattern of the stitching can be seen on the face of 
the fabric (Figure 1-12). This sequence also causes deviations to fibre orientations 
and can result in channels or cracks which have an impact on the mechanical 
properties of the final laminate. Additionally, the channels create resin rich zones in 
the composite which can play an important role in the initiation of damage [11]. 
 
 
Figure 1-12: Stitched fabric [15] 
 
Next sections (1.3 and 1.4) will give the reader an overview of the motivation of this 
research work. 
 
1.3 MODELLING OF TEXTILE COMPOSITES AT MESO-SCALE  
For the product manufacturers of multiple industrial sectors like transport, 
aerospace, leisure…the predictive CAE tools are a key challenge before switching 
from conventional metallic structures into fibre reinforced plastics (FRP). The 
reservations of the responsible R&D staff members is due to the radically new 
product definitions, material architectures and design methods required when 
designing with composite materials. Therefore the need for the numerical modelling 
of real manufactured composite parts is a recurrent request. Beside the elastic 
properties of the studied composite material, the industry wants to gain knowledge 
concerning the damage tolerance and the strength of the technical composites and 
therefore numerical damage analyses are increasingly important. Therefore in this 
section the following will be covered: 






 In the first place the state of the art is given concerning the numerical 
meso-scale modelling resulting into the elastic properties of the textile 
composites.  
 In the second part, attention will be given to the damage analyses and more 
specifically the delamination of composites.   
 
1.3.1 Elastic properties of the meso-scale model 
Since the internal architecture of the reinforcement of a composite is of major 
importance for the overall mechanical properties and the performance of the 
composite, it is of great necessity to be able to predict the behaviour of the final 
composite. The design parameters of the final composite part in order to withstand 
static and fatigue loads as given by the part’s in service requirements are driven by 
the mechanical properties of the composite. In general multiple experiments would 
be needed in order to capture all the influences of all different parameters defining 
the reinforcement and the materials of the constituents. Many researchers have 
dedicated their research to create analytical and numerical models for the prediction 
of the composite’s behaviour in order to cut the associated costs of the experiments, 
in order to accelerate design times and ease of choice for materials. The modelling 
of textile reinforced composites can be subdivided in three scales viz. the micro, 
meso and macro scale as can be seen in Figure 1-13.  At micro-scale the constituents 
of the textile composite, being the fibres, the matrix and interface between the 
matrix and fibres plus eventually voids or other particles, are studied. At meso-scale 
level the architecture of the reinforcing fabric is taken into account and one 
distinguishes the consolidated yarns and the matrix. A consolidated yarn is modelled 
as a homogenous transverse isotropic material with the mechanical properties 
obtained by meso-scale homogenization or through experiments. At macro-scale the 
geometrical and structural characteristics of the final composite part are modelled. 
At this level the material properties are anisotropic and are obtained using a macro-
scale homogenization starting from a meso-scale model. The key level of multi-scale 
modelling is the meso-scale [20]. Therefore the focus in this research work will be 
put on the analysis of the mechanical behaviour of textile reinforced composites at 
meso-scale. 
 







Figure 1-13: Multi-scale modelling of textile reinforced composites with micro, 
meso and macro scale. 
 
Over the years numerous approaches were developed in order to predict the 
mechanical behaviour of 3D textile reinforced composites. If entire composite parts 
would be numerically modelled with all the individual constituents of the composite 
material, the models would calculate eternally, especially if at a certain point 
damage should be integrated. Therefore it is of common practice to replace the 
constituents by homogenized materials. The research community tackled this 
problem by the approximation of the composite by analyzing a representative 
section of the composite micro-structure, also known as a Representative Volume 
Element (RVE) [21]. The analysis with an RVE assumes spatial periodicity of the 
mesoscopic RVE’s and the local uniformity of macroscopic fields within each RVE 
[22]. When dealing with textile reinforced composites, the RVE can be seen as a 
periodic repetition of volumes / units and is often referred to as Repetitive Unit Cell 
(RUC). The RUC requires that the entire textile reinforced composite can be 
reconstructed from spatially translated copies of the RUC, without use of rotations 
or reflections [3] (Figure 1-14). Depending on the complexity of the architecture of 
the reinforcement, more or less complicated methods were introduced starting from 
simple analytical equivalent laminate models to complex “cells” based models 
representing the 3D geometry of the textile architecture [3,20,23]. Another approach 
with approximate representation of the reinforcing geometry for obtaining the 
homogenized elastic properties of the composite RUC (Figure 1-14) uses the 






averaged properties of differently oriented yarns in the architecture based on the 
transformation of the stiffness tensor with the reference coordinate system, with the 
inclusion-based model as a generalisation of this approach [20,23,24].  
 
 
Figure 1-14: Representative Unit Cell (RUC) of a composite part 
 
In order to capture the complex stress-strain fields throughout the RUC, many 
researches explored the possibility of using finite element (FE) calculations. Work 
from Kabelka (1984) [25], Woo and Whitcomb (1992) [26], Sankar and Marrey 
(1997) [27] presented solutions for 2D analyses of plain weave composites using the 
assumption of plain-strain state, but these models are not suitable for correctly 
modelling textile composites [23].  Yoshino and Ohtsuka (1982) [28], Whitcomb 
(1989) [29], Dasgupta et al. (1994) [30], Naik and Ganesh (1992) [31], Paumelle et 
al. (1991) [32], Blacketter et al. (1993) [33], Glaesgen et al. (1996) [34], 
MCilhagger and Hill et al. (1995) [35], Lomov et al. (2005) [36], Verpoest and 
Lomov (2005) [37] and Kurashiki et al. (2005) [38] developed 3D models in 
combination with homogenization theories viz. periodic boundary conditions (see 
Chapter 3) for the prediction of the macro homogenized elastic properties of textile 
reinforced RUC. PBC implies that the continuity of the displacements at 
neighbouring faces of the RUC’s must be fulfilled and thus any displacement on one 
side of the RUC must be the same on the opposite side plus or minus some constant 
[20]. The state of the art of the finite element (FE) meso-scale modelling using PBC 
is given by Figure 1-15 and can be summarized by following sequential steps: 
1. The geometry of the RUC consisting of the reinforcing architecture and the 
matrix is created  
2. From the geometrical model a finite element mesh is generated 
3. The material properties are calculated and applied on the yarn and matrix 
FE elements  
4. The boundary conditions are applied on the model 
5. The numerical calculation of the models with different boundary conditions 
e.g. a model with macroscopic strain of 1% in the x-, y- and z-direction (in 
an orthonormal basis) plus the shear directions result in the needed stresses 
and strains 
6. The stresses and strains from previous step are used to calculate the macro-
scale homogenized properties 
More details can be found in Chapter 3. 
 







Figure 1-15: Linear finite element meso-scale modelling of a textile reinforced 
composite 
 
Once the elastic properties and thus the elastic deformation can be simulated 
numerically, the next step in the design process is the evaluation of the ability of the 
textile composite to withstand damage. 
1.3.2 Delamination of composites 
After the elastic deformation of a composite, there are a few failure modes that can 
occur in a composite viz.:  
 Matrix cracking 
 Fibre fracture 
 Fibre pull out 
 Debonding or delamination 
Delamination is one of the most difficult and common types of damage in laminated 
composite structures due to the relatively weak interlaminar strengths. Delamination 
starts generally at geometrical discontinuities, such as laminate free edges and cut-
outs. This is so because the state of stress close to a free edge in a laminate is three-
dimensional, with nonzero interlaminar stresses, which grow without bound due to a 
singularity in the stress field at the intersection of the free-edge and the interface. 
Delaminations may arise in a composite under various circumstances, e.g. when 
subject to transverse concentrated loads, such as low/high velocity impacts arising 
from a falling mass, and propagate due to the loads of the structure such as dynamic 
loading. Finally the behaviour of the entire structure changes and in most cases a 
failure is unavoidable. 
Since decades, methods based on fracture mechanics have been used to model 
delamination problems. These methods rely on the assumption of an initial existing 
crack or void and cannot be applied directly without it. In many papers stress based 
methods are used in order to predict the delamination initiation and this precedes the 






propagation calculations using the fracture mechanics. The parameters such as stress 
intensity factors or energy release rates require information of several elements 
around the crack front. Some examples of fracture mechanics based methods which 
were implemented in commercial finite element codes are:  
 Virtual Crack Closure Technique (VCCT): Rybicki and Kanninen (1977) 
[39], Krueger (2004) [40,41]. 
 J-Integral: Rice (1968) [42] 
Later, models using the cohesive zone method (CZM) became more and more 
popular for the simulation of fracture processes. The basics of these models can be 
traced back to Barenblatt (1959) [43] and Dugdale (1960) [44]. Traction is related to 
the relative displacement at an interface where a crack can occur. Examples of these 
techniques can be found in Needleman (1990) [45], Geubelle and Baylor (1998) 
[46], Petrossian and Wisnom (1997) [47], Yang (1998) [48], and Camanho et al. 
(2008) [49], Turon et al. (2004) [50]. Another method which has caught the attention 
of the computational fracture mechanics community since its introduction in 1999 is 
XFEM or extended finite element method (Belytschko [51]), which is a partition of 
unity based enrichment method for discontinuous fields (Moës et al. (1999) [52]).  
When creating a numerical model for the simulation of delamination with cohesive 
zone methods, a lot of research has been accomplished regarding multiple 
parameters (mesh, stiffness, strength…) with multiple suggestions as a result [49].  
 
1.4 OBJECTIVES OF THE RESEARCH WORK 
1.4.1 Elastic properties of the meso-scale model 
One of the big issues when using any of the 3D models of the reinforcement is 
correctly defining and modelling the reinforcement architecture since all models use 
mathematically simplified representations of the cross sections of the yarns (circular, 
elliptical, lenticular or polygonal) [23]. This leads typically to an underestimation of 
the fibre volume fractions. Another reason is that for existing PBC techniques either 
identical meshes at opposite faces are needed with a single part mesh [20,12], either 
non-identical meshes at opposite faces can be handled but a unique part mesh is 
needed or unique material is needed. This uniqueness of the parts mesh or material 
is the drawback of the methods defined in [53,54]. For example, if one tries to find 
papers concerning the unit cell modelling of spread tow composites with periodic 
boundary conditions in the ISI web of knowledge database, one will see that no 
reference can be found yet. A spread tow typically has a very high width to height 
ratio leading to very small matrix pockets at the cross over points of the spread tow 
fabric composite. The commercial finite element software packages creating meso-
scale unit cell models of these spread tow fabric composites will lead to an assembly 
of multiple mesh parts (yarns and matrix). Such a complex unit cell with different 
mesh parts, often composed of different element types (tetrahedrons and 
hexahedrons), will consist of non-identical meshes at opposite faces of the unit cell, 






with interactions at the interfaces between the different parts. No available technique 
can handle these difficulties of such a unit cell in a meso-scale FE simulation with 
periodic boundary conditions (PBC), which was confirmed in [55]. Additionally, for 
aeronautical, automotive and maritime industry it is of great importance to be able to 
predict the material behaviour as close to reality as possible, including misalignment 
of fibres/yarns, including defects or voids, or studying the influence of the mesh on 
the results. In the existing numerical software products, all these critical points 
cannot be included in the numerical FE research for innovative textile architectures 
as reinforcement of a composite. Additionally, in publications [56,57] the 
importance of the accurate prediction of local strain profiles as well as strain 
contours was already highlighted. These local strain profiles are crucial when 
reliable predictions of the damage initiation and propagation have to be performed 
as well as the strength of the composite has to be studied. Since there is already a 
difference between the strain profiles of the inner and outer layers of the unit cell 
[15,19], it is very important to be able to study a unit cell of a real manufactured 
composite. 
Knowing this, in order to obtain an in-depth knowledge of the meso-scale FE 
modelling and offering an alternative to the existing FE modelling techniques with 
PBC, the current research work and the chapters of this dissertation are directed to 
realise following objectives: 
 
i. Understand the mechanical behaviour of a textile composite under 
externally applied loads using experimental and numerical techniques. 
 
ii. Develop a new finite element technique for meso-scale simulations with 
periodic boundary conditions implementing following advantages 
compared to the state of the art software products: 
 no restrictions for the yarn shapes (transverse nor longitudinal) 
 allowing undulation or misalignment of the yarns 
 possibility of inserting defects or voids in the FE mesh 
 use a micro-CT scan as input for CAD generation 
 different meshes (tetrahedral, hexahedral) can be handled and created 
with user chosen FE software 
 interface layers (cohesive elements) can be implemented easily for the 
modelling of damage in between the yarns/matrix, yarns/yarns or in the 
matrix itself. 
 
iii. Validate the developed technique by comparing the results to experimental 
results and by comparing the results to existing FE meso-scale simulation 
techniques of existing software products.  
 






1.4.2 Delamination of composites 
Since a lot of research regarding the simulation of delamination has been performed 
in the last decades, even with multi-scale models (= the combination of meso- and 
macro-scale models) including the cohesive zone method [58], not all parameters 
influencing the results are always given in the manuscripts. Another issue 
concerning the delamination of composites is that the main material treated in this 
work is a textile reinforced fabric composite, and most of the standards concerning 
composites testing have been developed for unidirectional composites. Therefore 
following objectives were defined for this topic in this doctoral thesis:  
 
i. Understand the procedure for obtaining the material parameters needed for 
the simulation of delamination through experimental research and develop 
an experimental procedure for woven fabric composite materials 
 
ii. Study all the relevant numerical parameters influencing the results of a 
delamination simulation  
 
iii. Implement the knowledge gained in the objective ii in a simulation of 
delamination and validate by comparing the results obtained in objective i 
and through an analytical approach. 
 
For both sections 1.4.1 and 1.4.2 it is known that the creation of meso-scale 
numerical models and numerical models including cohesive zone methods is very 
time consuming [50] and therefore multiple numerical tools have been developed.  
 
1.5 ORGANIZATION OF THE DISSERTATION 
Regarding the objective stated in the section above (section 1.4), following sections 
will give an overview of the chapters of this dissertation. Each section gives a 
summary of the contents of each chapter. 
 
1.5.1 Chapter 2: Experimental analysis of the materials for the 
construction of the geometrical and FE model of the 
representative unit cell 
This chapter will give an overall overview of the experimental tests needed for 
obtaining the material parameters allowing the creation of a representative unit cell 
for the finite element calculation with periodic boundary conditions. Additionally 
the experimental results leading to the validation of the finite element results are 
discussed. In order to be able to compare the numerically meso-scale calculated 
strain profiles of the studied material at the meso-scale, an experimental evaluation 
of the local strain profiles using embedded fibre Bragg grating sensors will be 
discussed. 






1.5.2 Chapter 3: Construction of a meso-scale finite element model: 
State of the Art vs. New Approach 
As mentioned in the title, a detailed overview of the state of the art principles of 
meso-scale finite element modelling will be given. Starting from the parameters 
obtained in Chapter 2, a geometrical model of the RUC of the 5-harness satin weave 
(see Chapter 2) composite will be built leading to a finite element model. The 
techniques used for the micro- to meso-scale homogenization and the meso- to 
macro-scale homogenization will be detailed. The mathematical background of the 
periodic boundary conditions applied at the faces of the representative unit cell will 
be handled. After repeating the issues concerning the meso-scale modelling with 
periodic boundary conditions using the state of the art techniques, a new approach 
for the construction of a meso-scale FE model with periodic boundary conditions 
will be shown together with the different numerical tools needed for the application 
of the material properties and boundary conditions. 
1.5.3 Chapter 4: Validation of the new approach 
In this chapter a meso-scale finite element model unit cell will be created of the 
material defined in Chapter 2 using the techniques described in Chapter 3. The new 
approach will be validated by comparing the numerically obtained results with the 
numerical results of the state of the art technique. Both will be benchmarked to the 
experimental results defined in Chapter 2. Additionally a local strain field analysis 
of the composite will be presented by analysing the two numerical techniques (state 
of the art and the new approach) and by checking the order of magnitude of the local 
strains with the experimentally obtained values using fibre Bragg sensors in Chapter 
2. Finally a few numerical meso-scale models are shown in order to show the 
potential of the new approach like: the model of a spread tow composite, a RUC 
model with a hole or a meso-scale model implementing a yarn with variable cross 
sections. 
1.5.4 Chapter 5: Experimental and analytical study of the 
delamination in composite materials 
For the numerical simulation of delamination with composite materials, 
experimentally obtained parameters like critical strain energy release rates are 
essential. After a brief introduction of the theories of the linear elastic fracture 
mechanics (LEFM) leading to the analytical solutions of the forces and the 
displacements of the mode I and mode II experimental tests, the experimental 
methods for mode I (double cantilever beam) and mode II (end notched flexure) are 
covered. These tests were applied on a 5-harness satin weave fabric composite. A 
hybrid, experimental/ analytical procedure for deriving the mode I critical strain 
energy release on a woven fabric was developed and validated.  






1.5.5 Chapter 6: Numerical study of delamination in composite 
materials 
In chapter 5 the experimental and analytical techniques for obtaining the mode I and 
mode II critical strain energy release rates were presented.  In this chapter the focus 
will be put on techniques for the simulation of debonding / delamination between 
plies. After a small comparative analysis of numerical strategies for the simulation 
of debonding like VCCT, XFEM and the cohesive zone methods, the most 
appropriate technique was applied for the numerical analysis of a mode I DCB 
(double cantilever beam) test. And the numerical analysis of a mode II ENF (end 
notched flexure) test. All the important parameters leading to convergent and 
accurate numerical results were studied.  The numerical results of the mode I and 
mode II tests, applied on the studied material defined in chapter 2, were compared to 
the experimental results. Finally, an introductory analysis of a mixed mode I/II 
MMB (mixed mode bending) test is presented. 
1.5.6 Chapter 7: Numerical tools for enriched meso-scale models 
and automated creation of extra features 
In this last chapter some tools are presented for reducing the pre-processing time of 
the construction of meso-scale models like:  (i) a contact definition tool allowing an 
automatic generation of a surface of a mesh part; (ii) a Boolean mesher allowing an 
automated subtraction of a shape out of a volume.  Since the creation of models 
integrating cohesive elements is also time consuming [59], a tool was developed for 
the automatic creation of mode I and mode II test samples with interlayers of 
cohesive elements. A feature was added creating a cohesive layer starting from a 
surface. Finally, a method for the automatic wrapping (embedding) of cohesive 
elements around all the elements of an existing finite element mesh is described. 
1.5.7 Conclusions and Future work 
The final chapter of this manuscript presents the concluding remarks of this 
dissertation. Some recommendations are provided for the future work in the area of 
the meso-scale modelling of textile composites using multi-scale simulations with 
implementation of cohesive elements. 
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Chapter 2  
 
Experimental analysis of the materials 
for the construction of the geometrical 
and FE model of the representative 
unit cell. 
 
Multiple material parameters are needed for the finite 
element calculation with periodic boundary conditions 
of a representative unit cell (RUC). An overall 
overview of the experimental tests needed for obtaining 
these parameters will be presented in this chapter. 
 In order to evaluate the numerically obtained 
mechanical properties of the FE model of the RUC in 
the next chapters, mechanical tests are performed 
leading to the overall properties of the studied 
material. Additionally, the experimental evaluation of 
the local strain profiles using embedded fibre Bragg 
grating sensors will be discussed.     
2.1 SCOPE 
As explained in the previous chapter, the mechanical behaviour of woven fabric 
reinforced composites is dependent on the architecture of the fabric, the yarn size, 
the yarn shape,  the spacing between the yarns, yarn undulations, fibre orientations, 
stacking sequence in the laminate, fibre volume fraction in the yarns, overall fibre 
volume fraction in the composite and the yarn crimp. These data can be 
implemented for idealized architectures or if one has manufactured real consolidated 
composites, one can obtain the data by use of a micro-CT scan. In order to obtain the 
in-plane mechanical properties of the studied material, experimental tensile tests 
with classical strain gages have been performed. Finally, a Bragg grating sensor has 
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been embedded in the studied material in order to obtain a strain profile of the 
woven fabric composite material. 
2.2 MATERIAL 
2.2.1 Cetex 
The material discussed in this work, produced and delivered by TenCate in the 
Netherlands, is the CETEX® material. The reinforcing fabric has a five harness 
(5H) satin weave architecture consisting of carbon fibre (T300J 3K) and is 
consolidated by a semicrystalline polyphenylene sulphide (PPS) thermoplastic. It is 
qualified at Airbus and Boeing for multiple structural applications due to the high 
toughness and chemical and solvent resistance. A few examples of aerostructural 
parts used in different Airbus aircrafts produced out of CETEX
®
 are aileron ribs, 
leading edge parts, keel beam ribs, pylon panels and stiffeners. An example of a 
main rib keel beam can be found in Figure 2-1. Both individual components, the 
polymer matrix and the reinforcing carbon fibre (+ interface) will contribute to the 





Figure 2-1: CETEX main rib keel beam [1] 
2.2.1.a Polymer matrix 
Polyphenylene sulphide (PPS) with the chemical formula equal to (-C6H4-S-)n, is a 
semicrystalline thermoplastic polymer and formed by the reaction of sodium 
sulphide with 1,4-dichlorobenzene. Semicrystalline polymers consist of small 
crystalline regions embedded in amorphous regions (randomly oriented molecules) 
[2] (Figure 2-2). 
 
Figure 2-2: Semicrystalline polymer with crystalline and amorphous regions [3] 
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When a semicrystalline polymer undergoes a tensile test the elastic portion 
corresponds to the elongation of the chain molecules in the direction of the applied 
force, by bending and stretching of the covalent bonds. After the elongation of these 
amorphous chains, shear yielding of the lamellar chain folds towards the tensile 
direction occurs, followed by the shifting of the crystalline block segments in the 
necking region creating the stress whitening and finally the orientation of these 
segments and tie chains in the tensile direction before failure (Figure 2-3). 
 
Figure 2-3: Tensile stress-strain curve on a semicrystalline polymer with the 
subsequent steps of the molecular deformation in the polymer [3] 
 
Some of the factors that influence the mechanical properties of the semicrystalline 
polymers are: temperature and strain rate at which the load is applied, degree of 
crystallinity and molecular weight which are driven by the manufacturing process. 
For example an increase of the degree of crystallinity will lead to a significant 
increase of the tensile modulus. In most cases the tensile strength is also enhanced 
leading to more brittle polymers. PPS is a quite brittle thermoplastic and thus no 
necking occurs before failure. 
The limiting temperature at which the load can be applied in service on a component 
is defined by the glass transition temperature Tg. Glass-liquid transition or glass 
transition occurs in the amorphous regions of the semicrystalline polymers and is 
due to the reduction in motion of molecular chains with decreasing temperature [2]. 
This corresponds to the transformation of these amorphous zones from a rubber-like 
state into a rigid solid state. For PPS the Tg equals 90°C. The rubber-like state in the 
amorphous areas will last for a temperature T where: 90°C (Tg) < T <120°C. For 
higher temperatures the crystallised PPS part is stable till the melting point of 280°C 
and it will end in a complete liquid state at 300°C. The crystallinity and thus the 
number of amorphous areas depend on the cooling rate, the higher the cooling rate, 
the lower the fraction of crystals, the higher the number of amorphous zones. Since 
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PPS is a thermoplastic material with properties described above, it is suitable to be 
welded or thermoformed into structural parts, or allowing repairs. In Table 2-1 the 
mechanical properties of the PPS matrix are summarized.  
 
Mechanical properties of the PPS matrix 
Melting temperature, [°C] 280 
Glass transition temperature, [°C] 90 
Optimal crystalline temperature, [°C] 150-160 
Tensile strength, [MPa] 90 
Shear strength, [MPa] 63 
Ultimate strain, [-] 0.08 
Tensile Young’s modulus E, [MPa] 3800 
Poisson’s ratio ν, [-]  0.37 
Table 2-1: Mechanical properties of the polyphenylene sulphide (PPS) matrix 
[4] 
2.2.1.b Fibre and Fabric 
As mentioned in previous chapter, the main functions of the reinforcing fibres of a 
composite part are to carry the load and to decrease the development of cracks in the 
matrix. Additionally, the elastic properties of a composite material are mostly 
defined by the stiffness of the reinforcing fibres. Therefore more details of the 
reinforcing carbon fibre T300JB and fabric architecture used in the CETEX
®
 
material will be described in this section.  
 
Properties of the carbon fibre T300JB / yarn 
Fibre type T300JB 
Filament diameter, [mm] 0.007 
Fibre density, [kg/m³] 1750 
Linear mass density, [tex] 198 
Yarn filament count 3000 (3k) 
Tensile Young’s modulus E11, [GPa] 231 
Transverse modulus E22, [GPa] 28 
In-plane shear modulus G12, [GPa] 24 
Transverse shear modulus G23, [GPa] 10.7 
In-plane Poisson’s ratio ν12, [-] 0.26 
Transverse Poisson's ratio ν23, [-] 0.3 
Table 2-2: CETEX
®
 fibre and yarn properties taken from the TORAYCFA 
technical datasheet N°: CFA-002 [5]. 
 
A lot of different architectures can be used for the creation of woven fabrics as 
explained in Chapter 1 – 1.2.5.a like plain weave, twill weave, satin weave... Since 
crimp has a big influence on the stiffness and strength of the composite material, and 
in order to reduce this weaviness and improve the drapability compared to a plain 
weave architecture, a 5 harness satin weave with 1-over and 4-under pattern is used 
in the CETEX material (Figure 2-4).  
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Figure 2-4: 5 harness satin weave reinforcing architecture 
 
In [6] Cox et al. mentioned that the individual layers of the CETEX 5-harness satin 
weave fabric are asymmetric with respect to the midplane due to the configuration of 
the warp and the weft yarns. As can be seen in Figure 2-4 one side of the fabric is 
predominant by consisting of warp yarns and the opposite side is consisting mostly 
of weft yarns. Due to this fact and the cross over points bending the yarns in an 
asymmetrical way, there will be a coupling between the bending and the stretching.  
 
2.2.1.b.1 Micro-CT analysis 
In order to obtain the complete and real data concerning the reinforcement 
architecture of the consolidated CF/PPS part for the development of a numerical 3D 
model of the material, a micro computed tomography (micro-CT) analysis was 
performed at the department “Centre for X-ray Tomography” (UGCT) of Ghent 
university. X-ray microtomography is a 3D imaging technique that is well known 
from the medical sector. The source projects X-rays on a detector consisting of 
pixels. One puts the subject of research into the X-ray beam and the detector 
captures the transmitted X-rays, with varying intensities. The intensity variation, due 
to the different X-ray absorption of the constituents of the object, gives information 
about the material density of the irradiated object, since the higher the density of the 
constituent is, the higher the absorption of X-rays is. One projection only gives a 2D 
pattern of pixels, and no depth information is acquired (Figure 2-5).  
 
 
Figure 2-5: Principle of a micro-CT scan (UGCT) 
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But by rotating the sample from 0° to 360° sufficient information is obtained in 
order to reconstruct a 3D model by recombining all 2D pixel projections. The 
integrated linear attenuation μ (equation (2-1)) can be retrieved for each detector 
pixel:  
∫  (     )  
 
    (
 
  
)   (2-1) 
with I (= the X-ray beam intensity) for the beam with sample, and I0 for the beam 
without sample. These linear attenuations from a set of 2D pixel projection images 
of the different cross sections are recombined using filtered back-projections into a 
3D voxel (or 3D pixel) for each position (x, y, z) (Figure 2-6).  
 
 
Figure 2-6: Reconstruction of 2D pixels into a 3D volume (UGCT) 
 
The dimensions of such a voxel are dependent on the sample size, since the pixel 
size is a fraction of the total size of the scanned object (more or less one five 
thousandth of the size of the scanned object). The lower limit of the pixel size of the 
projection is ruled by the X-ray spot size and for the micro-CT scanner used in this 
section, the lowest pixel/voxel size possible equals 1 μm. A high power directional 
tube of dual head 160 kV fine focus open-type tube X-ray source was used, with a 
maximum power of 150 W. The directional tube is perfectly suited to penetrate 
thermoplastic composites e.g. carbon fibre reinforced thermoplastic composites. 
Combining the X-ray detector with a remote Radeye EV CMOS flat panel results in 
high resolution projections. The samples are positioned on a highly sensitive sample 
manipulator, consisting of seven motor stages. The samples are positioned between 
the X-ray tube and X-ray detector with an XYZ-translation stage with Berger Lahr 
stepper motors. To reach the high precision CT-scan, a rotation stage with air 
bearings is used. A standard air compressor and series of filters provide 4.5 bar air 
pressure of the stage. Additionally, a XY-piezo stage with 50 nm resolution and 20 
mm travel range is fixed on the rotation platform to centre the sample on the rotation 
axis [4]. With the scanner described above a micro-CT scan was performed on three 
carbon fibre reinforced PPS composite samples in order to capture all details of the 
consolidated composites, viz. all data needed for the construction of the geometrical 
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model of the representative unit cell (RUC). The obtained micro-CT images were 
reconstructed using the Octopus software into a virtual 3D model, from which all 
needed data can be calculated. The fabric geometrical parameters needed for the 
construction of the RUC geometry of the CETEX
®
 material such as yarn spacing, 
yarn width and thickness of the yarns can be found in Table 2-3 and were extracted 
from the micro-CT analysis given in Figure 2-7. 
 
Figure 2-7: Micro-CT scan of a 5H-Satin CF/PPS sample 
 
 
Table 2-3: Material properties of the 5H-Satin weave carbon fibre-PPS 
composite obtained through a micro-CT scan 
 
2.3 EXPERIMENTAL ANALYSIS OF THE ELASTIC PROPERTIES 
In order to be able to characterize the mechanical properties of a composite material, 
a big amount of test samples and therefore tests are needed in order to evaluate in a 
statistically adequate manner the properties of the studied material in all different 
directions. Another possibility is to predict the elastic properties starting from the 
known properties of the individual constituents of the composite. But when 
developing a methodology using finite elements or analytical methods for the 
Property 5 harness satin weave warp 5 harness satin weave weft
RUC width, [mm] 
Number of measurements 20 20
Yarn width, [mm] 1.31 ±0.01 1.32 ±0.08
Yarn thickness, [mm] 0.162±0.01 0.161±0.06
Yarn spacing, [mm] 1.46 ±0.04 1.48 ±0.07
Yarn crimp, [%]
Satin weave fabric information 
7.4
0.38
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correct prediction of the elastic properties, one still need the tests for the validation 
of the obtained results. Therefore, this section will present the tensile test setup and 
results for the in-plane mechanical properties of the 5H-Satin CF/PPS composite. 
Additionally, in order to know in what order of magnitude the local strains have to 
be, additional local strains will be measured by embedding a fibre Bragg sensor 
(FBG) in a consolidated fabric and measuring the strain fields in a tensile test. 
 
2.3.1 Elastic in-plane properties of the CETEX® material  
The mechanical properties which will be studied are the classical in-plane 
properties: 
 In-plane shear stress and strain 
 In-plane tensile stress and strain 
 In-plane Poisson’s ratio 
These properties are obtained experimentally according to the ASTM standard 
D3039. 
2.3.1.a Test setup and test samples 
The test specimens were cut from hot pressed carbon PPS plates, with only one 
stacking sequence, namely  [(0º,90º)]4s where (0º,90º) represents one layer of fabric. 
The samples were sawn in the dimensions given in the ASTM D3039 standard using 
a water-cooled diamond saw and the geometry of the end tabs was chosen as a result 
of the research made in [7] (Figure 2-8).     
 
 
Figure 2-8: Dimensions of the test specimen used for the tensile tests 
 
The tensile tests were performed on a servo hydraulic Instron™ 8801 machine 
equipped with hydraulic clamps. A calibrated load cell of ±100 kN has been used 
with a FastTrack 8800 digital controller. 
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Figure 2-9: (a) Instron ™ 8801 tensile machine; (b) Instron ™ hydraulic grips 
 
The quasi-static tests were displacement controlled with a speed of 2 mm/min. All 
signals have been read out with a National Instruments NI DAQPAD−6052E 
measurement card, a IEEE 1394 high speed serial bus and a SCB-68 pin shielded 
connector. The load, displacement and strain were sampled on the same time basis 
and post-processed in MS Excel™. 
2.3.1.b Experimental results 
The results for the longitudinal and transverse modulus can be found in Figure 2-10 
(a) respectively (b) whereas the graph for the in-plane shear modulus and Poisson’s 
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Figure 2-10: Experimental results for the stress - strain curves for (a) the 
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Figure 2-11: Experimental results for (a) the in-plane shear strain (τxy) stress - 
strain curve and (b) the Poisson’s ratio (ν12) as function of the longitudinal 
strain (εxx) 
 
The summary of the obtained results is written in Table 2-4. It should be noted that 
catching all the anisotropic mechanical properties of a textile composite is a very 
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2.3.2 Local strain field analysis of the CETEX material in a tensile 
test using a FBG sensor 
In order to be able to evaluate the finite element results, and especially the order of 
magnitude of the local strains within the meso-scale FE simulation results, 
experimental results are needed. In publications [4,8,9] the importance of the 
prediction and evaluation of the local strain profiles and gradients is underlined, 
since it could contribute to a reliable prediction of damage initiation and strength of 
the material. The development of a FE unit cell model which is able to predict the 
strain fields as observed experimentally can be a challenging task.  Especially 
obtaining corresponding values of the numerically and experimentally obtained 
strains is very difficult. In order to be able to check the order of magnitude of the FE 
results, an optical fibre Bragg sensor was embedded in the CETEX
®
 material. 
2.3.2.a Fibre Bragg grating (FBG) sensor  
The interest in fibre Bragg grating sensors is increasing nowadays in the composite 
industry as an alternative to conventional strain gauges since the FBG sensors can be 
embedded into the composite material in order to capture local strains in the 
material. Such a fibre Bragg grating can be implemented in a single fibre by 
exposing the core, through the side of the core, to a coherent UV light beam 
interference pattern with a chosen wavelength [10]. The principle of a fibre Bragg 
grating sensor is to back reflect a narrow band of the total broadband of the incident 
light spectrum (Figure 2-12) [11,12] while the remaining (transmitted) wavelengths 
pass through the grating. The reflected spectrum is centred on λB, the Bragg 
wavelength, with λB given by the Bragg condition (2-2) 
 
           (2-2) 
where neff is the effective refractive index of the core of the optical fibre at the 
position of the Bragg grating and Λ is the pitch of the Bragg grating.   
 
 
Figure 2-12: Response of a Fibre Bragg Sensor on a broadband incident light 
spectrum [8] 
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The parameters (neff, Λ) are strain and temperature dependent and thus with a shift of 
the Bragg wave length due to small perturbations of these parameters, the Bragg 
condition (2-2) can be written as [13]: 
 




     
  




     
  
)   (2-3) 
 
These sensors, omitting the temperature dependency, can be considered as the 
optical counterpart of the classical strain gauges. The main advantages compared to 
classical strain gauges are [12]: 
 Temperature and strain information are encoded into a wavelength, which 
is an absolute value. 
 Measurement interruptions do not cause problems  
 No loss of zero reference in long term measurements, which can occur 
using classical strain gauges due to drift of the components 
 corrosion resistance of the FBG sensors 
 they are insensitive to electromagnetic interference 
 multiple gratings can be implemented in one fibre 
On the other hand they have also a few negative points which one has to take into 
account: 
 they are fragile, and a careful handling is needed 
 the stability and reproducibility of the employed interrogators have to be 
ensured 
 the dependency of the results due to the used measurement algorithm 
 dependency of the results to the directions of the fibre 
 
As explained in [13] Draw Tower Gratings (DTG®), which are high strength coated 
FBG’s with ORMOCER® coating, are well suited for embedding in CETEX® 
material. For the validation of the order of magnitude of the numerically obtained 
local strains within a 5H-Satin weave carbon fibre thermoplastic composite using a 
meso scale finite element model with periodic boundary conditions, a FBG sensor 
directly embedded between two layers of satin weave fabric was chosen. The 
diameter of such a DTG
®
 optical fibre Bragg grating sensor equals 125 μm and 
together with the ORMOCER
®
 coating a total diameter of 195 μm is achieved. The 
FBG length of 8 mm is used in order to cover a unit cell which has a width and 
length of 7.4 mm. In Figure 2-13, a cross section of a polished CF/PPS test sample is 
given in which one can clearly notice the FBG sensor, the PPS matrix and the glass 
fibres. 
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Figure 2-13: Cross sectional view of the CF/PPS sample with a FBG sensor 
 
2.3.2.b Test setup for measuring the local strains of a composite 
using a FBG sensor 
Three test coupons containing an embedded DTG sensor are put under tension in a 
servo hydraulic testing machine (Instron™ 8801 - Figure 2-9). A calibrated load cell 
of ±100 kN has been used with a FastTrack 8800 digital controller.  
 
 
Figure 2-14: Test Sample with embedded FBG sensor [4] 
 
Additionally an electrical extensometer was mounted on the surface of the test 
sample at the same position as the DTG sensor in order to capture the strains. 
From this test setup, force, strain and Bragg spectra were exported to a PC and the 
analysis of the wavelength shift and Bragg peaks gives information about the 
maximal and minimal longitudinal local strains along the grating length. The 
reflected spectral response of a DTG sensor before and after the embedding and 
manufacturing process (Figure 2-15) shows a high loss in the reflected power and an 
increase in the peak width. 
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Figure 2-15: Spectral response of a DTG sensor before and after the embedding 
process [14] 
 
The loss in reflected power of the Bragg peak is a combination of a non-uniform 
strain distribution over the length of the fibre grating induced by the woven fabric 
architecture and a birefringence effect in the core of the fibre induced by the high 
shrinkage of the matrix material [14]. There is a strong correlation between the local 
strain field acting on the DTG sensor grating and the reflected spectrum [15,16]. 
Investigation on this issue shows that the birefringence effect in the thermoplastic 
test coupons is mainly caused by the residual transverse strains induced during the 
manufacturing process, viz. during the entire loading sequence the birefringence 
effect stays more or less the same, for strain levels below 0.5%. Therefore one can 
conclude that in this study the spectral deformations are principally caused by 
longitudinal strains along the grating. By inspecting the cross sections of the test 
coupons after completing the test cycle (Figure 2-13), it is shown that the optical 
fibre remains completely bonded to the matrix, ensuring the continuity and 
correctness of the measurements.   
 
2.3.2.c Analysis of the results of the local strain measurement using 
FBG sensors 
Since one is interested in the elastic properties of the CF/PPS at meso scale level and 
in order to avoid the complexities due to damage onset and propagation, the tensile 
test is limited to the elastic range. As explained in previous section (2.3.2.b) and as 
can be seen in Figure 2-16, the plot A corresponds to the original unloaded fibre 
Bragg sensor (not embedded). The deformed spectrum (B) is the resulting spectrum 
due to the residual thermal strains and the widening of the spectrum is due to the 
yarn crimp in the satin weave architecture. Once one applies an external tensile load 
with an average strain around 0.23% for the sample as shown in Figure 2-16, the 
spectrum shifts conform to the applied load. 
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Figure 2-16: Spectral response of the embedded DTG sensor at the average 
strain level of 0.23% 
 
The hydraulic tensile machine applied a load on the test sample with embedded 
sensors and therefore the average strain could change (a very little bit) for different 
test samples. In order to be able to compare the different maximum and minimum 
strains of the different test samples, the results were normalised with the following 
procedure: 
 the average strain is calculated for each sample (in this case ɛAver – Test = 
0.23% in Figure 2-17) 
 the ratio of the average strain equivalent (ɛAver - Equi = 0.2%) over the 
average tested strain for the test sample (ɛAver - Test = 0.23%) is calculated 
and will be used for normalising the tested maximum and minimum strain 
values:       
          
          
 
 the maximum tested local strain (Max ɛ = 0.287%) as shown in Figure 2-17 
(noise not taken into account) is then normalised (= Max ɛNorm). This 
normalisation is obtained by multiplying the real tested maximum strain 
(Max ɛ = 0.287%) by factor K of previous step. This results in the 
maximum local strain (Max ɛNorm = 0.25%) or: 
 
             (     )  (2-4) 
 
 the same can be done for the minimum local strain (see Figure 2-17) and 
one obtains a minimum local strain value of 0.16% or: 
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Figure 2-17: Normalisation of the tested spectral response of the embedded 
DTG sensor at the average strain level of 0.23% to an average strain level of 
0.2% 
 
The maximum local strain at the yarn crimp (weft) of 0.25% compared to the local 
strain in the matrix of 0.16%, gives an indication of the order of magnitude of the 
maximum strains obtained inside the laminate. One has to be aware that these values 
correspond to a certain length of the Bragg grating and that the maximum value seen 
by the sensor will probably not match the exact maximum value within the structure. 
This because the exact position of the Bragg sensor within the consolidated 
composite and its reinforcing architecture is not known and thus the undulations of 
the Bragg sensor are not exactly determined and could have an influence on the  
absolute strain values. Also the shift in angle of the position of the FBG compared to 
the longitudinal load axis has not been taken into account in the results. And as will 
be seen in Chapter 4, this could have a big importance. Additionally, the nesting, 
waviness of the yarns, exact yarn crimp at the cross over points as could be observed 
in a micro-CT scan, the exact positions of the fabric layers, the exact cross sections 
of the yarns as well as the FBG sensor itself could have an influence on the final 
strain results inside the laminate. To understand the impact of these parameters on 
the local strain maxima, a numerical model could be constructed and compared to 
the experimental results. 
 
2.4 CONCLUSIONS  
 
In this chapter all the parameters needed for the construction of a numerical model 
were obtained. The geometry and position of the yarns of the reinforcing carbon 
fibre woven fabric were obtained through micro-CT scans. The mechanical tensile 
tests with classical strain gauges delivered the overall mechanical in plane 
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properties, whereas the local strains inside the laminate were obtained using an 
embedded fibre Bragg grating sensor. 
 
In the next chapter, the meso scale numerical model will be created from CAD 
model to finite element model with comparison of the obtained homogenized global 
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Chapter 3  
 
Construction of a meso-scale finite 
element model:  
State of the Art vs. New Approach 
 
In this chapter the principle of meso-scale finite 
element modelling will be explained. Starting from the 
parameters obtained in Chapter 2, a geometrical model 
of the RUC of the 5-harness satin weave composite will 
be built leading to a finite element model. A new 
approach for the construction of a meso-scale finite 
element model with periodic boundary conditions will 
be benchmarked to a state of the art technique. The 
tools needed for the automatic application of the 
periodic boundaries as well as the application of the 
material properties will be handled. 
 
3.1 SCOPE 
A detailed overview of the state of the art principles of meso-scale finite element 
modelling will be given. Starting from the parameters obtained in Chapter 2, a 
geometrical model of the RUC of the 5-harness satin weave composite will be built 
leading to a finite element model. The mathematical background of the periodic 
boundary conditions applied at the faces of the representative unit cell (RUC) will 
be handled. A new approach for the construction of a meso-scale FE model with 
periodic boundary conditions will be shown together with the different numerical 
tools needed for the application of the material properties and boundary conditions 
in order to overcome the limitations of the state of the art techniques for the meso-
scale modelling of textile reinforced composites with periodic boundary conditions.  
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In order to improve the comprehensibility of the following chapters for the reader, 
this section will explain the terminology used. The most commercial CAD and CAE 
software packages use similar terminology but sometimes slightly different 
meanings are given. In order to avoid misunderstandings the terminology will be 
explained using an example. Let us consider a micro-scale cross section of a UD 
yarn sample (see Figure 1-6, Figure 1-13 of Chapter 1) of the CF/PPS material 
inside a yarn consisting of matrix and fibres with diameter D = 0.007mm (the 
interface will not be considered for simplicity purpose). Different stacking of the 
fibres in the matrix can be considered, viz. the square array stacking (Figure 3-1(a)), 









Figure 3-1: Stacking of fibres in a UD composite yarn with (a) the square array 
stacking, (b) the hexagonal and (c) the random stacking of the fibres in the 
matrix 
 
A model needed as an input for the solver in order to calculate the requested outputs 
as stresses, strains, reaction forces, displacements… by solving the equations in a 
finite element software consists of multiple essential building blocks. The 





 Multiple point constraint (MPC) 
 Tie constraint 
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A part is a design created by CAD or CAE software representing a real object which 
will be meshed into a finite element mesh by the techniques available in the CAE 
software. An assembly is a group of individual parts. Consider the hexagonal array 
stacking of Figure 3-1(b) with a fibre volume fraction of 70%. The unit cell created 
for this stacking (red part in Figure 3-1(b)) can be created using a CAD software and 
will form an assembly (Figure 3-2(a)) consisting of a matrix part and fibre parts as 





Figure 3-2: (a) Assembly of a unit cell consisting of (b) the different parts like 
the matrix part and fibre parts (1-5) 
 
In the example above (Figure 3-2) multiple parts have been generated for the 
construction of the unit cell in order to represent the different materials. Another 
possibility could be the use of partitions. For example, one single part can be 
sectioned into subsections by the use of sketches (see Figure 3-3). These subsections 
represent the same materials as for the unit cell consisting of parts. An advantage of 
using a single part with partitions is that once the part is meshed a single mesh is 
created with common nodes at the boundaries of the portioned sections and no 
interactions are needed between the different parts. 
 
 
Figure 3-3: Partitioned part representing the unit cell of a hexagonal array 
stacking of fibres in a matrix 
Chapter 3  Construction of a meso-scale finite element model:  






On the contrary, for an assembly consisting of multiple parts, interaction definitions 
between the multiple parts will be needed. An interaction can be: a contact definition 
at the interface of the boundaries or in the case of this dissertation an often used 
constraint simulating the fuse of two surface regions, a tie interaction. The result of 
the tie constraints between all the neighbouring surfaces of the matrix and fibres of 
the unit cell can be found in Figure 3-4. A surface based tie constraint between 
matrix and fibre part 1 for example (Figure 3-2(b)) makes the degrees of freedom 
equal for the pair of surfaces.  
 
Figure 3-4: Tie constraint between the matrix part and  
 
An advantage of the multiple parts is that very complicated parts can be assembled 
and that different interactions can be created between the neighbouring surfaces. 
Finally a constraint which has been used in this work is a multiple point constraint 
(MPC). This function constrains the motion of the nodes of a selected region to the 
motion of a point. In Figure 3-5 the nodes at the boundary of the hole are linked to a 
reference point node (RP) using a multiple point constraint. 
 
 
Figure 3-5: Multiple point constraint (MPC)  
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3.3 STATE OF THE ART MESO SCALE MODELLING 
As explained in Chapter 1, the time consuming and costly experiments for obtaining 
the elastic parameters can be avoided using numerical finite element strategies, for 
example meso-scale models.  
A roadmap for the construction of meso-scale finite element models was developed 
by many authors [1,2,3] the past decennia and can be summarized as follows: 
1. The geometry of a representative unit cell is built using a geometry 
modeller (e.g. TexGen [4], WiseTex [2]) taking into account the idealized 
internal geometry of the reinforcing fabric and the size of the unit cell 
2. The geometry is meshed using a specific designed mesher for meso scale 
models. In this work concerning the state of the art technique, the mesh was 
obtained using the software MeshTex [5]. 
3. The material properties respecting the local fibre orientations and 
undulations of the yarns are set. These can be obtained from a micro-scale 
model starting from the fibres, matrix and interface and through a meso-
scale homogenization the meso-scale properties of the yarns are obtained. 
In this way, the impregnated yarns are seen as a homogeneous 
unidirectional (UD) composite. Another possibility is to use an analytical 
procedure in order to calculate the UD properties of the yarns, e.g. Chamis 
equations [6]. 
4. Before solving the FE meso-scale model, correct boundary conditions have 
to be implemented.  
5. The FE models with the applied displacements at the boundaries are solved 
in different directions in order to obtain the results for different load cases 
and needed for obtaining the homogenized parameters using a commercial 
solver. In this work Abaqus™ is used.  
6. After obtaining the FE results for the different load cases, they are 
combined and the volume averaging technique is employed for calculating 
the homogenized macro elastic properties of the studied 5H-satin weave 
composite.     
 
These points of the state of the art roadmap will be detailed in the following 
sections. In section 3.4 the new approach will be covered. 
3.3.1 Geometry 
Different specific software packages are suitable for the construction of the 
geometrical meso-scale model of a RUC. Since a benchmark for the new approach 
was needed, in this work the software WiseTex developed by the MTM department 
of the KU Leuven was chosen [2] since it is widely used by the research community 
and integrated in commercial software packages like ESI™ for example. 
Additionally through the partnership of our research group with the research group 
of the KU Leuven there was already existing knowledge of the software. Based on 
measured micro-CT data as given for example for a 5H-satin weave composite in 
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Chapter 2, a unit cell geometrical model can be developed. The heart line of a yarn 
is obtained by linking the spatial centre points of the cross sections at different 
positions of the yarn. These centre points can be obtained from a micro CT scan. In 
a CAD software or other software like WiseTex for example, these points can then 
be linked together to form a heart line. The positions of the cross sections are normal 
to the midline in their centre point (Figure 3-6). These midline sections in between 
two subsequent cross sections will define the local fibre orientation of the yarns with 
the principle direction (the direction along the fibre) defined by the normal (Figure 
3-6). The orthonormal basis obtained with the second hand rule starting from this 
normal will define the local material orientations of the yarn in that specific partition 
of the yarn. 
 
Figure 3-6: Definition of the geometrical model of a yarn [2] 
 
With the yarn width and the yarn thickness defined with the micro-CT scan (Chapter 
2 – Table 2-3) in combination with a corresponding cross section of the yarn like for 
example:  
 an elliptical cross section  
 a cylindrical cross section 
 a lenticular cross section 
 a polygonal cross section 
and with the specified yarn spacing and the yarn fabrics interlacing pattern, a RUC 
as given in Figure 3-7 can be constructed [2,7].  
 
 
Figure 3-7: Geometrical model created by WiseTex [2] 
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By additionally giving the fibre data such as the linear mass density, the fibre 
diameter, the WiseTex software gives as an output: a) the inter-yarn matrix pockets 
which can be used for the calculation of the permeability of the architecture, b) the 
intra-yarn fibre volume fraction, c) the overall fibre volume fraction and d) the areal 
density of the fabric. The geometrically calculated overall fibre volume fraction will 
give an indication of the fibre volume fraction obtained after a finite element mesh 
has been constructed. The difference between both is dependent on the mesh size of 
the elements as well as the type of algorithm used for calculating the volume of a 
part (see Chapter 7). 
3.3.2 Mesh 
This geometrical model is transferred to the software MeshTex [5] developed by the 
Osaka university of Japan and translated into a finite element mesh. The software 
allows some freedom in the choice of the meshing of a unit cell. In the width 
direction of a consolidated yarn 4, 8, 12, 16 or 20 elements can be chosen, while in 
the thickness direction this number is fixed to 4 for the entire yarns (2 per yarn in 
thickness direction if 2 yarns are crossing) [8]. Since hexahedral solid elements with 
3 translational degrees of freedom are generated, the rotations have to be 
accomplished by matter of translations. Therefore a sufficient amount of elements 
through the thickness of the yarns should be taken into account. If a mesh would be 
generated directly from the geometry developed in section 3.3.1, interpenetrations at 
the cross over points would be created [2] (Figure 3-8(a)) due to the approximations 
in the geometrical model. In order to avoid this, a very thin layer of matrix has to be 






Figure 3-8: a) Interpenetration of the mesh; b) insertion of a layer of matrix in 
between the yarns [2] 
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If the overall volume of the RUC has to be maintained and with the insertion of a 
layer of matrix, logically the yarns have to be compressed. The original yarn 
thickness of the WiseTex geometrical model is 0.159 mm and is artificially reduced 
by MeshTex in order to be able to create a mesh for the matrix. Only in the cross 
over points, the original 0.159 mm thickness for the yarns remains (Figure 3-9(a)) 
and thus altering the yarn cross section shape (Figure 3-9(b)). Since the fibre volume 
fraction dominates the on-axis mechanical properties of the composite, this value 
has to be as close as possible to the real measured fibre volume fraction. Therefore, 







Figure 3-9: (a) Artificial decrease of the thickness of the yarns at the yarn cross 
over points in MeshTex and (b) the result of the decrease on the yarns’ shape 
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Mesh element size  
After meshing using MeshTex, the FE model consists of a single mesh part 
containing elements of the matrix and elements of the yarns. The yarn parts mesh 
and the matrix mesh have coinciding nodes. Thus the total volume of the mesh 
corresponds to the summation of the volume of the yarns sections of the mesh and 
the matrix section of the mesh and is equal to the analytical volume of the RUC: 
 
           (3-1) 
where l = length of the RUC, w = width and h = height.  
 
Since the volume of yarns and thus the volume of the matrix depend on how close 
the finite element mesh approaches the boundaries of the CAD model, the mesh size 
will influence the fibre volume fraction. Unless having an infinitely fine mesh, the 
volume of the yarns will always underestimate the equivalent CAD volume and the 
volume of the matrix will always overestimate the equivalent CAD volume. With a 
coarser finite element (FE) mesh for the yarns for example it is more difficult to 
approximate the boundaries of the CAD model (Figure 3-10(a)) than if a fine mesh 






Figure 3-10: Influence of the mesh on the volume of yarn and matrix: (a) coarse 
mesh and (b) fine mesh 
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3.3.3 Micro-scale to meso-scale material properties for the yarns 
In the meso-scale finite element calculations there are two methodologies commonly 
used for obtaining the meso-scale properties of the impregnated fibres inside a yarn. 
Starting from the constituents of the consolidated yarns, here the PPS and the carbon 
fibres, meso-scale properties can be obtained through micro-scale finite element 
calculations. These properties can be used as an input for the meso-scale level FE 
calculations. A second, less time consuming method is by considering the yarn as a 
homogeneous unidirectional composite. A method that can be used is the concentric 
cylindrical assemblage method (CCA) [9] or the Chamis equations [1] often used in 
this step and given by following equations ((3-2)-(3-7)): 
 
 
Longitudinal modulus:                 (3-2) 
Transverse modulus : 
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Shear modulus : 
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Shear modulus : 
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Poisson’s ratio:                     (3-6) 
Poisson’s ratio:     
   
    
   (3-7) 
where the subscript f and m represent the fibre respectively the matrix and the 
numbers (1,2 and 3) represent the transverse isotropic fibre directions; E, G and ν 
represent the elastic respectively the shear modulus and the Poisson’s ratio. With a 
fibre volume fraction extracted from WiseTex and by using the individual material 
properties of the constituents (matrix and fibre), the analytical homogenized elastic 
constants for the composite are obtained. These UD elastic properties are 
implemented in the local sections of the yarns corresponding to the different local 
material orientations of the fibres as defined in section 3.3.1.  
 
3.3.4 Boundary conditions 
Once a finite element mesh has been generated from the geometrical model and the 
correct material properties have been defined, the only remaining part for the 
numerical simulation of a meso-scale RUC model are the boundary conditions. 
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Different possibilities have been studied and evaluated by many researchers in order 
to solve the meso-scale RUC finite element problem, for example the kinematic 
boundary conditions [7,10]. An in-depth explanation of this technique can be found 
in [7]. The obtained reaction forces at the constrained surfaces of the RUC are used 
to calculate the overall elastic constants of the composite. A drawback of using 
kinematic boundary conditions is that this technique may not produce periodic stress 
and strain fields which are a critical issue for the analysis of the local strain and 
damage patterns of a unit cell. In order to impose the boundary deformation of a unit 
cell by the micro-structural content instead of the homogeneity conditions, periodic 
boundary conditions should be applied to the unit cell. The basic idea of using 
periodic boundary conditions is to assume that a part on macro level consists of a 
number of repeated RUC’s in which each basic mechanical element, the RUC, 
determines the global constitutive law of the material on macro level [1,11,12] 
(Figure 3-11). This implies that continuity of the displacements at neighbouring 
faces of the RUC’s must be fulfilled and thus any displacement on one side of the 
RUC must be the same on the opposite side plus or minus some constant [1,12,13].  
 
Figure 3-11: Basic element RUC 
 
Not taking into account the rigid displacements and rotations of the RUC, the 
displacement field for a periodic structure is related to the strain field by the 
expression:  
   ̅     ̅̿   ̃  ̅  (3-8) 
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where  ̿ in the first term represents the macroscopic strain tensor and  ̅ the position 
vector of a material point in the RUC. The second term represents a volume periodic 
term with zero average value with  ̃ being the local displacement field in the RUC. 
A second condition that has to be met is the anti-periodicity of the traction 
distributions at the opposite boundaries of the RUC (∂V): 
 
 ̅   ̿ ̅ (3-9) 
Considering the RUC in Figure 3-11, the macroscopic displacement gradients of the 
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When substituting these macroscopic displacement gradients of the unit cell into the 
periodic equations, one obtains the nine periodic conditions (Table 3-1) using the 
axis system as given in Figure 3-11.  
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Table 3-1: Periodic boundary conditions for the RUC 
 
The state of the art requires either exactly identical meshes on opposite faces of the 
RUC [1,14], either non-identical meshes at opposite faces can be handled but a 
unique part mesh is needed or unique material is needed. This uniqueness of the 
parts mesh or material is the drawback of the methods defined in [3,15]. 
Now all parameters are defined in order to calculate the meso-scale model. Six 
boundary value problems have to be solved for obtaining the homogenized 
properties of a unit cell at macro scale. For each boundary value problem, the macro 
strain tensor has only one no-zero component [1]. For example six value problems 
can be created with an averaged imposed macro strain like model_1: ɛx = 1%; 
model_2: ɛy = 1%; model_3: ɛz = 1%; model_4: γxy = 1%; model_5: γxz = 1% and 
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model-6: γyz = 1%. From these six models one calculates the macro-homogenized 
elastic properties of the studied material. An example of the results for the model_2 
can be found in Figure 3-12 with (a) the displacement of matrix plus yarns and (b) 







Figure 3-12: State of the Art meso-scale FE results 
3.3.5 Macro homogenization 
For the design and finite element calculation of composite parts of a structure at 
macro scale level, one needs to use homogenized mechanical properties. If one 
would build all models at meso-scale level, the calculation times needed for 
obtaining finite element responses for the behaviour of the composite components, 
would exceed the design time and the experimental testing time. Therefore at macro 
scale level, composite materials are considered as homogeneous. The relation 
between homogenized macro strains     
   and macro stresses (   
 ) is given by: 
 
   
       
    
   (3-13) 
 
where      
  denotes the elasticity tensor at macro scale. 
Following volume averaging technique: 
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    (3-14) 
describes the volume averaging of the stresses over all integration points of all 
elements, where    is the volume equivalent of the integration point. One uses the 
integration points in order to reduce the effects of the mesh size as well as the lower 
mesh quality elements on the results. 
To determine      
  starting from the FE model of the RUC using the periodic 
boundary conditions, six boundary value models                       have to 
be solved. Out of the FE results of the six meso-scale models one calculates the 
homogenized stiffness: 
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      |     | (3-15)  
 
After obtaining the compliance matrix      with a LU-decomposition [16], one 
calculates the elastic constants and the Poisson ratio’s.  
 
3.3.6 Limitations state of the art techniques 
One of the drawbacks of the existing state of the art techniques, is that for the 
implementation of periodic boundary conditions: 
 the generated mesh has to have identical meshes at opposite faces [1,14].  
 the existing techniques with non-identical meshes at opposite faces need a 
single mesh part for the yarns and matrix [3] 
 the existing techniques do not allow interaction constraints (e.g. Tie 
constraints) between the multiple parts with non-identical meshes [15] 
This implies for most of the meso-scale FE simulations with complex reinforcing 
architectures with periodic boundary conditions, that the most commonly used pre-
processor software packages (Abaqus™, Ansys™, MSC Patran™…) cannot be used 
since in most cases multiple parts (yarns and matrix) would lead to multiple part 
meshes with a different amount of nodes at the opposite faces of the boundaries. 
Therefore a lot of researchers have built a pre-processor for the creation of a 
conform mesh. Often however, as explained in section 3.3.2 these pre-processors 
create some inconsistencies: the forced insertion of a layer of elements in between 
crossing yarns and thus an artificial decrease of the thickness of the yarns and 
consequently an impact on the overall fibre volume fraction (MeshTex)(Figure 3-9). 
Most of the geometric modellers create yarn cross sections with ideal shapes such as 
lenticular, elliptical, circular or polygonal cross sections. These cross sections also 
remain the same along the fibre direction. In reality the yarns can differ transversely 
or longitudinally from the ideal shapes. Also the positioning of the numerically 
generated yarns through the existing specific meso-scale modellers is idealized, 
without misalignments which can clearly occur in reality (Figure 3-13). 
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Figure 3-13: Micro-tomography of a glass fibre/polypropylene matrix 
composite after thermoforming: (a) waviness of the warp and (b) weft yarns 
 
In order to create a conform mesh, most of the meshing algorithms of the specific 
pre-processors as for example MeshTex, generate a single combined part mesh for 
matrix and yarn elements. This complicates the integration of interface layers in 
between the different materials of the models for the purpose of damage 
calculations.  
No possibilities for the insertion of voids and other impurities or defects through FE 
models are available for studying their influence on the mechanical behaviour of the 
composite. These lacks in the freedom of the mesh and geometry lead to the fact that 
a micro-CT scan with the real dimensions, cross sections and positioning of the 
reinforcing architecture cannot directly be implemented in a finite element meso-
scale model. This can lead to an overestimation of the safety factors and has an 
influence on the accuracy of the results, especially the local stress and strain fields.  
 
A solution for these limitations was developed and implemented in an object 
oriented software (ORAS) and will be shown in following sections. ORAS stands 
for: Object Oriented RVE Assembly Software. 
3.4 NEW APPROACH FOR THE CONSTRUCTION OF A MESO-SCALE 
FE MODEL WITH PBC 
 
If one considers the architecture of a RUC of a real textile fabric composite unit cell, 
the yarns in the matrix can have complex shapes with variations in thickness and 
undulations. Or the amount of matrix in between the yarns can be very low with 
complex pockets in the cross over points of the yarns. For example, if one tries to 
find papers concerning the unit cell modelling with periodic boundary conditions of 
spread tow composites (see Chapter 1) in the ISI web of knowledge database, one 
will see that no reference can be found yet. A spread tow typically has a very high 
width to height ratio (e.g. ttow = 50 microns; wtow = 20 mm - Figure 3-14) leading to 
very small matrix pockets at the cross over points of the spread tow fabric 
composite. The commercial finite element software packages creating meso-scale 
unit cell models of these spread tow fabric composites will lead to an assembly of 
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multiple mesh parts (yarns and matrix). Such a complex unit cell with different mesh 
parts, often composed of different element types (tetrahedrons and hexahedrons), 
will consist of non-identical meshes at opposite faces of the unit cell, with 
interactions at the interfaces between the different parts. No available technique can 
handle these difficulties of such a unit cell in a meso-scale FE simulation with 











Figure 3-14: Example of a spread tow fabric: (a) real [17]; (b) CAD model of 
the RUC of a plain weave spread tow fabric with (c) the matrix and (d) the yarn 
cross over points 
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The method described in this section will present a solution allowing the FE meso-
scale calculation using PBC with non-identical meshes at opposite faces and 
allowing multiple parts meshes and multiple materials. 
 
The general approach, or road map, as developed by prof. Lomov from the KU 
Leuven remains basically the same, but allows the use of any commercially 
available CAD software and any commercially available FE software (Figure 3-15). 
 
 
Figure 3-15: Road map for the construction of meso-scale FE models with a 
new technique 
 
Compared to the roadmap of the state of the art methodology shown in section 3.2 
the differences with the new approach can be found in: 
1. Construction of the geometrical model  
2. Mesh generation 
3. Application of the local material orientation in the yarns 
4. Implementation of the periodic boundary conditions using a new approach 
3.4.1 Geometrical model 
Additionally to the existing specific geometric modellers (TexGen, WiseTex…), 
commonly used CAD software packages in the industry like Catia, Siemens NX, 
Solidworks… can be used in order to create a meso-scale model. In this work a   
5-harness satin weave geometric model was created in the Catia V5 environment. 
This allows the user to create non-idealized cross sections and misalignments of the 
yarns paths in the consolidated reinforcements are made possible. Another example 
can be a model including a hole, for example for studying the effect of a drilled hole 
on the elastic properties of a textile reinforced composite. 
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A yarn volume is obtained by two sequential steps. An elliptical shape was chosen 
as cross section (= sweep profile) after analysing the micro-CT scan (Chapter 1), 
followed by a sweep operation along the heart line (= sweep path) of a yarn (Figure 
3-16 (b)). The yarn cross-sectional shape, the yarn width, the yarn thickness and the 
inter yarn spacing will induce the shape of the heart line. Line segments 
perpendicular to these cross sections (Figure 3-16 (a)) are created with the start point 
on the cross sections and with the end point at distance    
      
 
         , where 
tMatrix represents the thickness of the matrix layer in between the yarns (Figure 3-16 
(a)(c)).  This matrix layer will depend on the information coming from the micro-CT 
data. Some materials may not need a matrix layer in between the yarns (e.g. spread 
tow fabrics); others may need a matrix layer in between the yarns and this will 
depend on the overall fibre volume fraction and the data from the micro-CT scan. At 
the cross over points, the spline point at the centre is defined by the midpoint 









Figure 3-16: CAD model creation of a yarn starting from a cross section and a 
heart line 
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For obtaining the geometrical model of the matrix part, one starts from a bounding 
box enclosing the boundaries of the RUC and through a Boolean operation, a 
subtraction of the yarns, the matrix geometrical model is obtained. Another 
possibility is to perform the Boolean operation at mesh level, once the yarn mesh 
models are created. This could be achieved using the technique created in Chapter 7.  
3.4.2 Mesh 
The new methodology described in this chapter, allows the use of any commercially 
available finite element software in order to obtain a mesh. This gives the complete 
freedom to the user and a mesh sensitivity analysis can be accomplished. No forced 
insertion of a matrix layer in between the yarns at cross over points is necessary 
anymore, and contact definitions in between the yarns are allowed. A hexahedral or 
tetrahedral element mesh can be chosen for the yarns, and since the complexity of 
the matrix part usually does not allow an automatic hexahedral meshing algorithm, a 
tetrahedral mesh will be created. An example of the 5-harness satin weave mesh is 






Figure 3-17: Mesh of a RUC created with Abaqus: Consisting of (a) a 
tetrahedral matrix mesh and (b) a hexahedral yarns mesh 
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As explained in section 3.3.2 the mesh size of the elements of the matrix and yarns 
meshes, will define the fibre volume fraction. For multiple part meshes, the meshes 
can overlap one each other, but the interaction defined at the interface between the 
parts (interface between matrix and yarns) like: tie constraints, interface layers… 
can be chosen and a distance tolerance between both parts can be implemented. 
3.4.3 Local material orientation in the yarns 
Each contour of a yarn is swept along a heart line in order to create a model of the 
yarns in section 3.4.1 using CAD software. Therefore one will use this heart line to 
create the different local transverse isotropic orientations of the carbon fibre yarns. 
The heart line is meshed in a user chosen FE software and the elements and nodes 
(wires) are extracted and written to a text file using a python script. A procedure 
written in a multithreaded C# code allows the user to choose the input files (nodes 
and elements) of the yarns mesh and of the heart line mesh. The first direction 
(along the fibre) corresponds to the direction defined by the 2 nodes (A and B) of a 
mesh element (h) of the heart line (Figure 3-18). In the centre point of each element 
a plane normal to the first direction is created on which the fibre direction 2 and 3 
are created in order to create an orthogonal axis system. The centroid (Cn) of each 
element n of the yarn mesh is projected on the centre points (Ch) of all heart line 
mesh elements. If the distance |    | calculated between both centroids is minimal, 
the orientation of that element is defined by the directions created at the 
corresponding mesh element of the heart line. The equation searching for this 
minimum can be written as: 
 
               |   √                                   (3-16) 
 
with (x1, y1, z1) and (xi, yi, zi) the coordinates of the centroid C
n
 of the yarn solid 
mesh elements respectively the centre point C
h
 of the heart line mesh elements.   
The algorithm for the material orientation definition is applicable on all 3D meshes 
(tetrahedral, hexahedral, linear and quadratic). Resulting sets, orientations and 
sections are written to a text file with the user chosen material. 
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Figure 3-18: Technique for the application of the local material orientations to 
the FE mesh of the yarns 
 
3.4.4  New ORAS software for the implementation of PBC with 
non-identical meshes at opposite faces in a RUC 
When importing a CAD model of a RUC into commercially available FE software, 
the model will consist of multiple parts in an assembly. Even if the cross sections of 
the yarns and thus the matrix at the opposite faces would be identical, the mesh 
generated of this assembly will automatically generate parts meshes with different 
amounts of nodes at the opposite faces due to the complexity of the matrix mesh. 
Often, for very complex models, the matrix will consist of tetrahedral meshes with 
non-identical amounts of nodes at opposite faces, whereas the yarns could consist of 
hexahedral elements. In this section a solution will be given for allowing non-
periodic meshes and models consisting of different element types (hexahedral / 
tetrahedral elements) with PBC. The solution will be explained making use of the 
three following steps: 
 
1. Creation of a grid comprising all mesh nodes of the domain ∂V of the RUC 
2. Definition of reference points for each grid section  
3. Constraint definitions at the interfaces 
These steps were implemented in the C# code ORAS in order to obtain the sections 
of the input files concerning the periodic boundary conditions automatically with 
minimal user inputs. 
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3.4.4.a Creation of a grid of ∂V 
Considering the volume V of a mesh, with two opposite boundary domains ∂Ω1 and 








 respectively (Figure 3-19), a grid can be made 
(= PBC grid) using a user defined grid size for the x, respectively the z direction:   
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Figure 3-19: Grid creation of a domain V 
 
Using a uniform PBC grid size,        , all mesh nodes of ∂V can be distributed 
into n cells. Since the same grid is used for opposite domains ∂Ω1 and ∂Ω2, the 
corresponding cells at opposite faces will contain associated mesh nodes. The nodes 
of the corresponding cells at opposite faces will be given PBC with the technique 
explained in section 3.4.4.b. 
 
3.4.4.b Definition of the reference points 
In current PBC techniques with identical meshes at opposite faces, each node of one 
face is linked to the corresponding node at the opposite face using the PBC 
algorithm as defined in section 3.3.4. If the number of nodes in cell k of domain ∂Ω1 
(Figure 3-19) differs from the number of nodes in the corresponding cell k
*
 of 
domain ∂Ω2, the associated nodes cannot directly be linked to each other using the 
PBC constraint due to the overconstraint of the nodes. In the FE software products it 
is not allowed to have more than one PBC equation definition at one node of the FE 
mesh per direction (x, y and z) otherwise a node will have more than one 
displacement applied for a same direction and this is not allowed. To avoid this 
problem, cell k containing the mesh nodes pi with         will be linked to a 
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 (3-17) 
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Basically one has following possibilities: 
1. Cell k of the domain ∂Ω1 and the associated cell k
*
 of domain ∂Ω2 contain 
nodes and thus the reference points for both cells can be calculated and 
linked. 
2. Cell k of the domain ∂Ω1 contains nodes but the associated cell k
*
 of 
domain ∂Ω2 does not contain any node and thus is empty. The reference 
points for both cells cannot be calculated nor linked. 
The second possibility can occur for example if the uniform grid size chosen is very 
small, with a     smaller than the smallest distance between 2 nodes of the same 
face.  For example the node pn with coordinates (x1, z1) of cell k is a node without 
associated nodes in the associated cell k
*
 of ∂Ω2 and is called a floating node. This 
discrepancy between cell k and cell k
*
 will be solved by: 
 Searching for the closest node py to pn in the domain ∂Ω1, not lying in the 
cell k. 
 Once this node py has been found, node pn will be associated with the cell 
in which node py lays (for example cell j in (Figure 3-20)). 
 The reference point of cell j will be calculated taking into account node pn 
Thus, from the floating node pn(x1, z1) of cell k of ∂Ω1 (Figure 3-20) a circular area 
Γ with a user chosen radius R (with R > 2     is created. The size of R has to be 
large enough compared to the FE mesh element size in order to find nodes inside the 
circular area Γ. For all nodes      , one calculates the following objective function 
(equation (3-18)) in order to obtain the mesh node       the closest to pn:  
 
   { ( (     )   (       ))           |   √                 } (3-18) 
 
The larger R, the more nodes will be implemented in the search algorithm and 
equation (3-18), the higher the computational time for obtaining the closest point py. 
 
Figure 3-20: Redistribution of a floating point 
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The node pv and the node py are both associated with cell j (Figure 3-20). Node pn is 
now associated to cell j which corresponds to the cell containing the closest node to 
pn, viz. py (Figure 3-20). A new reference point using the Laplacian average method 
(equation (3-17)) including pn in its calculation is obtained.  
All reference points are linked to the nodes of the corresponding cell using a tie 
constraint in a multiple point constraint (MPC) and are then linked to the equivalent 
reference points of the cells of the opposite domain using the PBC equation (section 
3.2.4). A multiple point constraint links one reference node to one or more other 
nodes by establishing a relationship between the degrees of freedom of the nodes. 
The PBC grid size used will have an influence on the results, since the bigger the 
grid, the more nodes each cell will contain and the higher the leverage on the nodes 
associated to a reference point. This leverage is the result of the MPC link between 
the reference node and the nodes within a PBC grid cell. When a coarse grid is 
applied on the meso-scale model of the CETEX material with an applied load in the 
y-direction on obtains the strain pattern in the direction of the load, here ɛyy as 
shown in Figure 3-21. The repetition of the strain pattern is caused by the leverage 
of the MPC tie constraint between the reference node and the other nodes within 
each cell of the boundary domain. 
 
 
Figure 3-21: Leverage effect on the results due to a coarse PBC grid size 
 
This technique can be implemented for the different parts meshes of an assembly, 
and moreover with meshes where nodes are not shared at the interfaces (viz. the 
interface between matrix and yarns) the technique can be applied to each individual 
part mesh. 
3.4.5 Constraints of the interface surfaces 
Since the new technique allows the configuration with multiple parts in an assembly, 
constraints need to be defined at the interfaces between those parts like: tie 
constraints, contact definitions, cohesive elements… As explained in section 3.2, it 
is not allowed to have more than one PBC constraint at one node of the FE mesh. 
The tie constraints defined on the surface pairs at the interface between matrix and 
yarns would result in overconstraining the nodes of domain ∂V which are already 
part of the PBC equations and multiple point constraints. An error will be generated 
in the FE software (Abaqus™) since the software will not know which of both 
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constraints has priority. Therefore the displacement of the overconstrained node 
cannot be calculated. Two methods can be used in order to avoid the overconstraints 
of the nodes: 
a) Erase the overconstrained nodes of the tie constraint definitions and 
keeping them in the PBC equation by the use of partitions of the parts  
b) Erase the overconstrained nodes of the PBC equations keeping the tie 
constraints  
Both methods are described below in section 3.4.5.a and 3.4.5.b respectively. 
3.4.5.a Erase the overconstrained nodes of the tie constraint 
definitions and keeping them in the PBC equation 
A partition near the boundary faces is made using a datum plane with a small offset 
(for example 0.010 mm) starting from the boundary face creating a layer of very 
small elements at the boundaries (Figure 3-22(a – Partition 2) . The nodes of the 
elements at the interface of the multiple parts (matrix and yarns) are linked together 
with a tie constraint (Figure 3-22 (a - Partition 1)) except for the nodes lying on the 
domain ∂V (Figure 3-22(a - Partition 2)). The nodes on the boundary (domain ∂V) 
will be linked with PBC equations to the nodes at the opposite face of the domain 
∂V. This procedure has no consequence on the results since the displacements 
generated by the PBC acting on the nodes of domain ∂V are transferred through the 
elements to the rest of the model where tie constraints are acting between the 
multiple parts. This method was applied on a yarn of a meso-scale FE model and can 
be found in Figure 3-22 (b) where the nodes of the first layer of elements lying on 
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Figure 3-22: (a) Erasing the outer nodes of domain ∂V and keeping them in the 
PBC constraints by partitioning of the part; (b) application of the method on a 
yarn of a meso-scale model 
3.4.5.b Erasing the overconstrained nodes in the PBC equations and 
keeping the tie constraints  
For the meshes where partitioning is very complex and time consuming, the ORAS 
software offers the possibility to automatically erase the nodes of the interface 
between yarns and matrix lying on the boundary domain ∂V,  from the PBC 
equation definitions (white and red dots in Figure 3-23(a)).  The surrounding nodes 
of the domain ∂V (Figure 3-23 (a)), not lying at the interface between the parts, are 
still used in the PBC equations and will drive the displacements of the released 
nodes through the tie constraints. There is no influence on the results, as long as the 
mesh size is very fine at these interfaces of the multiple parts. An application of this 
method is shown in Figure 3-23 (b). The spread tow reinforced fabric composite as 
shown in Figure 3-14 has very small matrix pockets with a very complex shape and 
an automatic partitioning can often not be obtained due to its geometrical 
complexity. Therefore the method presented in this section offers a good alternative 
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Figure 3-23: (a) Erasing the overconstrained nodes from the PBC equations 
and keeping the tie constraints; (b) application on a spread tow fabric RUC 
 
These methods (3.4.5.aand 3.4.5.b) allow the integration of layers, viz. cohesive 
zone models, at the interface of the different parts for the analysis of damage in the 
composite structure. Only the first method (3.4.5.a) was used for the calculations of 
the validations discussed in Chapter 4. An example of the use of methodology 




 The state of the art technique for the construction of meso-scale finite 
element models with periodic boundary conditions was described 
 The limitations of the existing methods have been highlighted  
 A new methodology overcoming the limitations has been developed by the 
creation of a PBC grid and implementation of reference nodes for each 
PBC grid cell. Each cell is then linked with the associated cell at the 
opposite faces by its reference node. In order to avoid overconstraints due 
to tie and PBC constraints two methods have been defined: elimination of 
the overconstraint nodes from the tie constraint or the elimination of the 
overconstraint nodes from the PBC constraint.   
 
In the following chapter, a 5-harness satin weave CF/PPS composite meso-scale 
finite element model with periodic boundary conditions will be constructed with 
both the state of the art and the new methodology. They will be compared to the 
experimental results obtained in Chapter 2, and for the new methodology a 
sensitivity analysis on FE mesh size, PBC grid size and heart line mesh size will be 
implemented. Finally a study of the local strain fields of the numerical results is 
shown. 
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Chapter 4  
 
Validation of the new approach 
 
In this chapter a meso-scale finite element model unit 
cell will be created for the material defined in Chapter 
2 using the techniques described in Chapter 3. A 
benchmark of the new method with the state of the art 
techniques as well as a validation compared to the 
experimental results described in Chapter 2, are 
proposed. Additionally a local strain field analysis of 
the composite will be presented by analysing the order 
of magnitude and comparing the two numerical 
techniques (state of the art and method developed in 
this research work) and check the order of magnitude 
with the experimentally obtained values using fibre 
Bragg sensors. Finally a few numerical examples of 
complex non-idealised RUC’s are presented. 
 
4.1 SCOPE 
The technique developed in this work will be benchmarked to the existing state of 
the art techniques and experimental results. The goal is to achieve the same results 
of the homogenized elastic properties as those obtained with the state of the art, 
which will then validate the new algorithm proposed in this dissertation. Different 
validations are discussed: 
1. For the first validation a finite element model created with the state of the 
art technique using the software WiseTex and MeshTex of a meso-scale 
unit cell of the CETEX material as described in Chapter 2 will be used. 
Since this model has a periodic mesh at opposite faces, the state of the art 
technique as defined in previous chapter (Chapter 3) can be used and the 






elastic properties can be obtained after homogenization. The new approach 
for the implementation of PBC described in Chapter 3 will be applied on 
the same model and the elastic properties obtained with the new technique 
are compared to those obtained with the state of the art technique. The 
results of both techniques are additionally compared to the elastic 
properties obtained experimentally in Chapter 2. 
2. A geometrical model of the same CETEX meso-scale RUC as in the first 
validation is created with a commonly used CAD package (here Catia V5) 
and meshed with a commercially available CAE software (here Abaqus™). 
The PBC, local material orientations and other boundary conditions have 
been applied using the new technique described in Chpater 3. The obtained 
elastic properties after homogenization are compared to the results obtained 
with the first validation. 
3. A comparison of the local strain profile calculated numerically with a 
meso-scale RUC of the CETEX material using the state of the art technique 
with the software packages WiseTex / MeshTex and the strain profiles 
obtained for the model created with the new ORAS software are compared 
with the experimentally measured strain profiles measured with a Bragg 
sensor as given in Chapter 2. 
4. Finally an implementation of the periodic boundary conditions using the 
new approach on a complex geometry, a spread tow reinforced composite 
will be given; a mesh showing a hole in the CETEX RUC as well as a mesh 
implementing a non-ideal yarn will be presented in order to show the 
capabilities of the new approach. 
 
4.2 VALIDATION OF THE ORAS SOFTWARE FOR THE 
IMPLEMENTATION OF PBC BY COMPARISON WITH THE 
EXISTING PBC IMPLEMENTATION TECHNIQUE 
(WISETEX/MESHTEX) ON THE SAME MESH  
The first validation of the method described in Chapter 3 for the implementation of 
periodic boundary conditions on a finite element mesh, will be applied on a model 
created with a state of the art software: WiseTex [1]. On the boundaries of the mesh 
(MeshTex), both the state of the art technique and the new method will generate 
PBC equations. The results will be compared to the available experimental data 
(Table 2-4 of Chapter 2).   
4.2.1 Geometry 
Based on the measured micro-CT data as given in Table 2-3 in Chapter 2 for a 5H-
satin weave composite, a unit cell geometrical model has been developed with 
WiseTex. With the yarn width (1.32 mm) and an overall yarn thickness (0.159 mm) 
in combination with an elliptical cross section and with specified yarn spacing 






(1.480 mm) and a 5H-satin weave fabrics interlacing pattern, a RUC as given in 
Figure 4-1 can be constructed [2].  
 
Figure 4-1: Geometrical model created by WiseTex 
 
4.2.2 Mesh 
This geometrical model is transferred to the software MeshTex [3] where the 
original yarn thickness of WiseTex’s geometrical model (0.159 mm) is artificially 
reduced to 0.1545 mm by the mesher algorithm of MeshTex in order to be able to 
create a mesh for the matrix as explained in Chapter 3. Only in the cross over points, 
the original 0.159 mm thickness for the yarns remains (Figure 4(a) of Chapter 3) and 
thus altering the yarn cross section shape (Figure 4(b) of Chapter 3).  
After meshing using MeshTex, the FE model consists of a single mesh part 
containing 53200 elements (37800 elements for the matrix). After transferring the 
models to a FE software, 8 node linear brick elements are assigned (C3D8) for the 
numerical simulation. The FE mesh of MeshTex consists of a one part mesh for all, 
the matrix plus the yarns (Figure 4-2(a)). The yarn sections (Figure 4-2(b)) and the 












Figure 4-2: MeshTex model with (a) the entire RUC (matrix and yarns) and (b) 
the yarns 
 
Thus the total volume of the mesh corresponds to the total volume of the unit cell. 
The volume of matrix, the volume of yarns and the overall fibre volume fraction 
corresponding to a fibre volume fraction within the yarns of 70% can be found in 
Table 4-1. 
 
 WiseTex / MeshTex 
Fibre volume fraction (Yarn), [%] 70 
Volume Matrix (RUC), [mm³] 5.684 
Volume Yarns (RUC), [mm³] 11.784 
Volume Total (RUC), [mm³] 17.468 
Fibre volume fraction, [%] 47.223 
Table 4-1: Fibre volume fraction WiseTex/MeshTex FE mesh 
4.2.3 Material properties 
The intra-yarn fibre volume fraction of an impregnated yarn (Kf) depends on the 
fibre morphology and can be calculated using the material supplier data. One of the 
outputs of the WiseTex software [1] is the value Kf = 70% obtained with the 
material supplier data as input. The transverse isotropic material properties of the 
yarns were obtained by implementing the mechanical properties of the T300JB 
carbon fibre, the PPS matrix (Table 2-1 and Table 2.2) and the calculated Kf in the 
Chamis equations ((3-1) – (3-6)) and can be found in Table 4-2. 
 
Chamis homogenized elastic properties of the CF/PPS UD yarns 
Tensile Young's modulus E11, [GPa] 162.6 
Transverse modulus E22, [GPa] 13.7 
In-plane shear modulus G12, [GPa] 6.5 
Transverse shear modulus G23, [GPa] 5.07 
In-plane Poisson's ratio ν12, [-] 0.29 
Transverse Poisson's ratio ν23, [-] 0.35 
Table 4-2: Chamis homogenized elastic properties of the CF/PPS UD yarns 







The local material orientations following the curvature of the yarns were applied by 
discretizing the yarns in both the warp and weft direction according to the local 
change in yarn orientations [2,4] (Figure 4-3). 
 
 
Figure 4-3: RUC with discretization of the local material orientations of the 
yarns 
4.2.4 Boundary conditions 
Since the mesh created in MeshTex has identical meshes at opposite faces and thus 
each node of one face has a corresponding node at the opposite face, the periodic 
boundary condition equations can be implemented using: 
1. the State of the Art (SotA) technique, linking each node of a face with a 
corresponding node at the opposite face 
2. the method presented in chapter 3, using a superposition of a grid and 
linking cells together by means of reference points (Chapter 3 – section 
3.3.4) with a grid size equal to 0.040 mm (G2). A mesh section of the RUC 
with the size of a mesh element can be found in Figure 4-4(a) and with the 












Figure 4-4: (a) A finite element mesh section of the RUC with (b) the 
application of a PBC grid (size = 0.040mm) on top of the FE mesh 
 
The results of the models obtained by both methodologies will be compared with the 
experimental results. 
 
4.2.5 Results  
The macro-homogenized properties can be found in Table 4-3 with column ‘PBC 
ORAS’ giving the results of the homogenized elastic properties for the new method 
and column ‘PBC SotA’ giving the results for the state of the art (SotA) PBC 
implementation.  
 
  PBC ORAS PBC SotA Experiment 
E11, [GPa] 56.56 56.50 57±1 
E22, [GPa] 56.54 56.47 57±1 
E33, [GPa] 10.55 10.53 -NA- 
ν12, [-] 0.08 0.08 0.05±0.02 
ν13, [-] 0.42 0.42 -NA- 
ν23, [-] 0.42 0.42 -NA- 
G12, [MPa] 4354.48 4344.91 4360±60 
G13, [MPa] 3179.14 3160.52 -NA- 
G23, [MPa] 3180.31 3160.85 -NA- 
Table 4-3: Results of the validation of the ORAS software for the 
implementation of PBC by comparison with the existing PBC implementation 
technique (WiseTex/MeshTex) on the same mesh 
 
The strains and deformations of the unit cell are almost identical (Figure 4-5). Only 
a very small difference in stresses (shear stress σ12) can be found between the results 
obtained with the state of the art technique (Figure 4-5(a)) and the results obtained 
with the implementation of the PBC with the new approach ((Figure 4-5)(b)). The 






very small difference in homogenized elastic properties between the two approaches 
(column 1 ‘PBC ORAS’ and column 2 ‘PBC SotA’ of Table 4-3) is due to the 
coarse PBC grid and can be avoided if the PBC grid size < smallest element edge in 
the model. In this case, since the smallest edge is approximately 90nm, the grid 
would be very dense and the calculation time for the implementation of the PBC 
would be very high for a negligible effective gain regarding the results in Table 4-3. 






Figure 4-5: FE results of the meso-scale RUC simulations with: (a) the state of 
the art PBC implementation; (b) the PBC implementation with the new method 
4.3 VALIDATION OF THE NEW ORAS SOFTWARE FOR THE 
CONSTRUCTION OF A FE MODEL COMPRISING MULTIPLE 
PARTS MESHES USING PBC CONSTRAINTS BY COMPARISON 
WITH THE MODEL OBTAINED USING WISETEX/ MESHTEX 
In this section a comparative analysis between the results obtained in previous 
section 4.2 and a model created with commercially available CAD software 
consisting of multiple parts and meshed with a FE software leading to a RUC with 
non-identical meshes at opposite faces will be presented. In order to capture the 
influence of different parameters on the resulting macro-homogenized elastic 
parameters, the following study was made: 
a) comparative study between the state of the art technique of previous 
section and the new model created in this section based on two thicknesses 
of the yarns 
b) study of the influence of the finite element mesh of the yarns and matrix 
c) study of the influence of the PBC grid size  






d) study of the heart line mesh size of the yarns used for the application of the 
local material orientations to the FE mesh of the yarns 
 
4.3.1 Geometry 
Two models for the 5H-satin weave CF/PPS unit cell (‘Model A’ with yarn height = 
0.155 mm and ‘Model B’ with yarn height = 0.156 mm) (Figure 4-6) are made in 
Catia V5 staying within the limits given in Table 2-3 in Chapter 2.  
 
 
Figure 4-6: Design parameters of a CAD RUC 
 
The choice of these values was made in order to be able to compare the method 
developed in this work to the state of the art technique, according to the fibre 
volume fractions after meshing. Additionally the difference between the yarn 
heights of ‘Model A’ and ‘Model B’ was implemented in order to study the 
influence of a small increase of the thickness of the yarns on the global material 
behaviour. 
4.3.2 Mesh 
The geometrical models created in the previous step are meshed with the pre-
processor of a commercial FE software (Abaqus™).  The yarns were meshed using 
an advancing front sweep mesh. A 3D 8-node (three translational degrees of 
freedom per node) linear structural solid element is used (Figure 4-7(c)(d)). The 
matrix has been meshed with 3D 4-node (three translational degrees of freedom per 
node) linear tetrahedral elements in order to catch the curvatures of the model 
(Figure 4-7(a)(b)). Only linear elements were used since these were also used in the 
work using state of the art techniques and the goal is to compare to results with state 
of the art techniques. Of course all type of meshes including second order finite 
elements can be used in the new algorithm. 














Figure 4-7: (a) and (b) 3D FE mesh of the matrix for ‘Model A’ and ‘Model B’;  
(c) 3D coarse FE mesh of the yarn with thickness 0.156mm; (d) 3D fine FE 
mesh of the yarns with thickness 0.156mm 






Four mesh models are built ‘A-M1’, ‘B-M2’, ‘B-M3’ and ‘B-M4’ out of the 
geometrical models ‘Model A’ and ‘Model B’ as given in Figure 4-8. The meshes 
‘A-M1’ and ‘B-M2’ (Figure 4-8) have similar sizes of mesh elements for the yarns 
compared with the mesh obtained with the MeshTex software [2,3,5] which is the 
benchmark. Since mesh convergence could have an impact on the fibre volume 
fraction, on the FE results and thus on the homogenized elastic properties for the 
macro scale composite, model ‘B-M3’ with the same mesh for the matrix, but with 
an increased number of elements for the yarn’s mesh (Figure 4-8 and Figure 4-7 
(a)(c)(d)) is created in order to capture the influence of the mesh size of the yarns. 
Finally in the mesh model ‘B-M4’ the same yarn mesh as for model ‘B-M3’ is used 
with a refined matrix mesh (Figure 4-8 and Figure 4-7(b)(c)). 
 
 
Figure 4-8: Schematic tree explaining the nomenclature of the different models 
going from the CAD model to the FE mesh model 
 
An important conclusion when dealing with the different CAD models and FE 
meshes is the impact on the fibre volume fractions. The overall fibre volume fraction 
of the meshed unit cell (new approach) in a commercial FE pre-processor calculated 
with the volume equivalent in all integration points can be found in Table 4-4. The 
equivalent volume in an integration point is the volume associated with a particular 
integration point. For example for an element with only one integration point (i.e. a 
four-noded linear tetrahedral element) the volume equivalent in the integration point 
will be equal to the volume of the element. For fully integrated elements like a linear 
solid brick element, the volume equivalent in the integration points will be some 





A-M1 B-M2 B-M3 B-M4 
Fibre volume fraction (Yarn), [%] 70 70 70 70 70 
Volume Matrix (RUC), [mm³] 5.684 5.602 5.526 5.526 5.481 
Volume Yarns (RUC), [mm³] 11.784 11.733 11.809 11.984 11.984 
Volume Total (RUC), [mm³] 17.468 17.335 17.335 17.510 17.465 
Fibre volume fraction (RUC), [%] 47.223 47.380 47.687 47.791 48.03 
Table 4-4: Fibre volume fractions for the different CAD and FE models 






The slightly higher fibre volume fraction for the new models can be explained by the 
differences in volumes of the yarns and matrix due to not sharing the nodes at the 
interface between the matrix and yarns in the models ‘A-M1’, ‘B-M2’, ‘B-M3’ and 
‘B-M4’, whereas there are common nodes at the interface for the 
‘WiseTex/MeshTex’ model. Not sharing the nodes at the interface creates ‘empty 
spaces’ or small penetrations depending on the density of the meshes at the 
interface, which explains the difference between the analytically calculated total 
volume for the RUC (7.4 mm x 7.4 mm x 0.319 mm = 17.46844 mm³) and those 
obtained with assembly meshed models ‘A-M1’, ‘B-M2’, ‘B-M3’ and ‘B-M4’ 
(Figure 4-9). Since the mesh of model ‘B-M3’ is finer concerning the yarns, with the 
same mesh for the matrix, than the one used for model ‘B-M2’, the volume obtained 
will be higher for the yarns. Model ‘B-M4’ with a very fine matrix mesh (1,078,427 
elements) and same yarn meshes as model ‘B-M3’ approaches almost the 
analytically calculated volume. An infinitely small mesh would accurately 




Figure 4-9: Influence of the mesh on the fibre volume fraction 
 
4.3.3 Boundary conditions 
The boundary conditions using the methodology described in Chapter 3 section 
3.3.4 were applied on the FE mesh. Multiple periodic boundary grid sizes (G1, G2 
and G3) as can be found in Figure 4-10 were used in the ORAS algorithm in order to 
check the influence of the PBC grid size on the resulting elastic properties of the 






RUC. Considering the CAD model, the FE mesh and the PBC grid sizes the 
nomenclature of the calculated meso-scale FE models of the 5H-satin CF/PPS 
composite RUC are summarized in the schematic tree in Figure 4-10. 
 
 
Figure 4-10: Schematic tree with the nomenclature of the different models used 
for the calculated meso-scale FE RUC models with PBC 
 
4.3.4 Application of the local orthotropic material properties 
respecting the orientation of the yarns 
A small study on the influence of the heart line mesh has been implemented on 
model ‘B-M4-G2’ (Figure 4-10). The mesh size of the heart line of the yarns could 
have an influence on the numerically calculated elastic properties of the RUC if the 
directions of the yarns vary a lot, e.g. high crimp at the cross over points of the 
yarns. However it highly depends on the change in direction of the geometry of the 
yarn.  A study was made implementing two distinct mesh sizes for the heart lines, 
viz. mesh size heart1 = 0.05 mm (149 elements) and mesh size heart2 = 1 mm (7 
elements). The mesh size heart 1 corresponds to the FE mesh size of the yarn 
elements. Mesh size heart2 will lead to a bigger amount of elements in a same 
section with identical material orientation than with mesh size heart1 (Figure 4-11 












Figure 4-11: Influence of the heart line mesh on the sections consisting of 
elements with identical local material orientation properties 
 
4.3.5 Results 
4.3.5.a Comparative study between the state of the art and the new 
model based on two thicknesses of the yarns 
 
By comparing column ‘PBC SotA’ (SotA = State of the Art) with column ‘B-M2-
G2’ and with the experimental results, one can conclude that a good agreement can 
be obtained using the new methodology developed in this work. The higher E11 of 
the WiseTex/MeshTex model (+0.28 GPa) in column ‘PBC SotA’, knowing that the 
overall yarn thickness is lower (0.1545 mm) compared to 0.156 mm for the CAD 
model ‘B’ and thus a lower fibre volume fraction, can be explained as follows: 
 As explained in section 4.2.2, the mesh used in WiseTex/MeshTex has an 
overall yarn thickness of 0.1545 mm but in the cross over points of the 
yarns, these yarns have a thickness of 0.159 mm (Figure 3-4(a) and (b) of 
Chapter 3). The influence due to these locally thicker parts of the yarn is 
not negligible as can be noticed by the increase of the stiffness E11 by 0.36 
GPa between model ‘A-M1-G2’ and ‘B-M2-G2’ with an increase of only 
0.001 mm (Table 4-5).   
 Since the volume of the elements in the cross over points in the 
WiseTex/MeshTex model is higher than the overall thickness of the yarns, 
the total volume of these elements in the volume averaging technique will 
have an impact on the homogenized material property results for the 
stiffness in the main directions E11 and E22.    
 






  PBC SotA A-M1-G2 B-M2-G2 Experiment 
E11, [GPa] 56.50 55.86 56.22 57±1 
E22, [GPa] 56.47 55.84 56.20 57±1 
E33, [GPa] 10.53 10.68 10.75 -NA- 
ν12, [-] 0.08 0.08 0.08 0.05±0.02 
ν13, [-] 0.42 0.42 0.42 -NA- 
ν23, [-] 0.42 0.42 0.42 -NA- 
G12, [MPa] 4344.91 4382.51 4404.63 4360±60 
G13, [MPa] 3160.52 3214.53 3244.98 -NA- 
G23, [MPa] 3160.85 3212.70 3245.06 -NA- 
Table 4-5: Validation of the FE calculation of the elastic constants of a 5H-satin 
weave CF/PPS composite RUC with analysis of the influence of a small increase 
in thickness of the yarns 
4.3.5.b Study of the influence of the finite element mesh of the yarns 
and matrix 
One can notice in Table 4-6 that the impact will be small for a mesh refinement of 
the FE model ‘B-M2-G2’ to model ‘B-M3-G2’ to model ‘B-M4-G2’, but could have 
an effect on the local strain contours. By intuition one would think that a coarser 
mesh provides higher stiffness due to the reduced deformation modes. But 
refinement of the mesh leads to an increase in the fibre volume fractions (Figure 
4-9) and thus in stiffer results. Overall, there is almost no effect. The mesh 
convergence between model ‘B-M2-G2’ and ‘B-M4-G2’ shows a decrease of the E33 
of 0.09 GPa due to the lower interpenetration of the mesh elements of the yarns and 
matrix for the refined mesh. 
 
  PBC SotA B-M2-G2 B-M3-G2 B-M4-G2 Experiment 
E11, [GPa] 56.50 56.22 56.20 56.20 57±1 
E22, [GPa] 56.47 56.20 56.20 56.21 57±1 
E33, [GPa] 10.53 10.75 10.66 10.66 -NA- 
ν12, [-] 0.08 0.08 0.08 0.08 0.05±0.02 
ν13, [-] 0.42 0.42 0.42 0.42 -NA- 
ν23, [-] 0.42 0.42 0.42 0.42 -NA- 
G12, [MPa] 4344.91 4404.63 4398.32 4390.28 4360±60 
G13, [MPa] 3160.52 3244.98 3228.67 3227.19 -NA- 
G23, [MPa] 3160.85 3245.06 3228.96 3228.68 -NA- 
Table 4-6: FE calculation of the elastic constants of a 5H-satin weave CF/PPS 
composite RUC with analysis of the influence of the mesh size 
4.3.5.c Study of the influence of the PBC grid size  
The grid sizes as defined in 4.2.4 can have an influence on the numerically 
calculated elastic properties of the RUC. By comparing columns ‘B-M3-G1’ (PBC 
grid = 0.010 mm), ‘B-M3-G2’ (PBC grid = 0.040 mm) and ‘B-M3-G3’ (PBC grid = 
0.200 mm) in Table 4-7, one notices that the homogenized macro-elastic constants 
can be overestimated if the chosen PBC grid size is too coarse (‘B-M3-G3’). This is 
due to the higher leverage on the nodes in a PBC grid cell, because of the higher 






distance between the reference node on which the PBC constraint is put and the FE 
mesh node (Figure 4-12) as explained in 3.3.4.b of Chapter 3. This influence can be 
found in Figure 4-12 in which the strain ɛ22 in the direction of the load is shown with 
(b) a coarse PBC grid (size = 0.200 mm) and in (a) a fine PBC grid size. The 
leverage can clearly be seen in the model with the coarse PBC grid size (Figure 
4-12(b)). The grid size will have an influence on the pre-processing time of the 
ORAS software, since more grids on opposite faces will have to be compared. But 
when comparing the columns ‘B-M3-G1’ and ‘B-M3-G2’ with respectively a grid 






Figure 4-12: Influence of the PBC grid size on the meso-scale FE results of the 
CF/PPS RUC with (a) a fine PBC grid size = 0.010 mm and (b) a coarse PBC 










  PBC SotA B-M3-G1 B-M3-G2 B-M3-G3 Experiment 
E11, [GPa] 56.50 56.24 56.20 57.33 57±1 
E22, [GPa] 56.47 56.20 56.20 57.12 57±1 
E33, [GPa] 10.53 10.66 10.66 10.63 -NA- 
ν12, [-] 0.08 0.08 0.08 0.07 0.05±0.02 
ν13, [-] 0.42 0.42 0.42 0.42 -NA- 
ν23, [-] 0.42 0.42 0.42 0.42 -NA- 
G12, [MPa] 4344.91 4399.86 4398.32 4439.57 4360±60 
G13, [MPa] 3160.52 3231.36 3228.67 3246.34 -NA- 
G23, [MPa] 3160.85 3231.07 3228.96 3239.40 -NA- 
Table 4-7: FE calculation of the elastic constants of a 5H-satin weave CF/PPS 
composite RUC with analysis of the influence of the PBC grid size 
 
4.3.5.d Study of the heart line mesh size of the yarns used for the 
application of the local material orientations to the FE mesh 
of the yarns 
Since no high variations can be noticed in the yarns geometry (small crimp), the 
results on the global mechanical properties do not change much compared to column 
‘B-M4-G2’ of Table 4-8. These variations can be influenced by the crimp size, or if 
a 3D woven fabric reinforcement is used in a composite.  
 
    heart 1 heart 2   
  PBC SotA B-M4-G2 B-M4-G2 Experiment 
E11, [GPa] 56.50 56.20 56.34 57±1 
E22, [GPa] 56.47 56.21 56.33 57±1 
E33, [GPa] 10.53 10.66 10.66 -NA- 
ν12, [-] 0.08 0.08 0.07 0.05±0.02 
ν13, [-] 0.42 0.42 0.42 -NA- 
ν23, [-] 0.42 0.42 0.42 -NA- 
G12, [MPa] 4344.91 4390.28 4403.00 4360±60 
G13, [MPa] 3160.52 3227.19 3216.00 -NA- 
G23, [MPa] 3160.85 3228.68 3216.00 -NA- 
Table 4-8: FE calculation of the elastic constants of a 5H-satin weave CF/PPS 
composite RUC with analysis of the influence of the heart line mesh and thus 
the local material orientations in the yarns 
4.4 COMPARISON OF THE LOCAL STRAIN FIELDS OF THE 
WISETEX / MESHTEX MODEL AND THE MODEL USING THE 
NEW ORAS SOFTWARE WITH EXPERIMENTALLY MEASURED 
STRAIN PROFILES 
In this section, an analysis of the local strain behaviour on the surface and in the 
plies of a 5H-satin weave composite is presented. In publications [2,6,7] the 
importance of the prediction and evaluation of the local strain profiles and gradients 
is underlined, since it could contribute to a reliable prediction of damage initiation 
and strength of the material. The development of a FE unit cell model which is able 






to predict the strain fields as observed experimentally can be a challenging task.  
Especially obtaining corresponding values of the strains obtained numerically and 
experimentally is very difficult. Therefore both numerical techniques, ORAS and 
WiseTex/MeshTex, will be compared to the values obtained experimentally with the 
fibre Bragg sensor analysis described in Chapter 2. For a global applied average 
strain of 0.2%, a maximum local measured strain was observed of 0.25% with a 
minimum of 0.16%. These values of the strains are averaged values over a certain 
length (induced by the precision of the Bragg sensor) but the exact value of this 
length cannot be determined. Therefore a sensitivity analysis regarding the path over 
which the local strains are taken in the FE models is added in this section.  The local 
strain profiles are taken from the nodes of the matrix at the centre of the yarn as 
given in Figure 4-13 in the direction of the loading (y-direction). For both the new 
approach and the state of the art model paths at multiple distances from the central 
path (Figure 4-13(a)(b)) were studied. Since the mesh for the new approach is 
different (and finer) there is, except for the central path, a small difference in the 








Figure 4-13: (a) Position of extraction of the local strain profile in the central 
path of the RUC; (b) at distances to the central path for the new approach and 
(c) at the distances to the central path for the WiseTex / MeshTex model 






The sensitivity analysis of the position of the path at which the local strain profile is 
extracted shows that it is very important to have a fine mesh in order to capture 
enough data points and thus results in order to obtain the peak results. The new 
approach in Figure 4-14(b) shows smoother profiles than the ones obtained with the 
state of the art technique (Figure 4-14(a)). Figure 4-14 shows that the results are 






Figure 4-14: (a) Analysis of the local strain contours with additional position 
sensitivity analysis for the WiseTex/MeshTex model and (b) for the new 
approach 
 
Figure 4-14 and Figure 4-15 show that the maximal local strain calculated using 
ORAS (0.36%) is higher than the one obtained with the WiseTex/MeshTex model 
(0.28%).  A reason for this can be: i) the coarser mesh in the MeshTex model (37800 
elements for the matrix and 15400 elements for the yarns) compared to the ORAS 






matrix mesh (1,078,427 elements for the matrix and 133,266 elements for the yarns) 
and in order to capture the bending of the yarns correctly, a sufficient amount of 
elements through the thickness of the yarns should be used since the solid elements 
have no rotational degrees of freedom, ii) the difference in thickness at the cross 
over points of the yarns of the WiseTex/MeshTex model (Figure 4 of Chapter 3). 
The minimal local strain obtained with the ORAS model (0.16%) is also slightly 
higher than the one obtained with the MeshTex model (0.14%) and corresponds to 
the value obtained experimentally (0.16%). If one compares the maximum and 
minimum local strains of the FE models with the experimentally obtained values, 
one can see that the order of magnitude is correct for both methods, but the 
maximum obtained with the ORAS model is higher. But when averaging the value 
over 1 mm around the peak values which is approximately the range over which the 
Bragg sensor strains are averaged due to the read out system,, the local strain of the 
ORAS model equals 0.25% and the same value is obtained for the MeshTex model 
and both correspond to the value seen by the Bragg sensor. Additionally, since the 
position of the path on which the strains are extracted in the FE models influences 
highly the minimum and maximum local strain values, and the exact position of the 
Bragg sensor in the RUC could not be extracted (undulation of the Bragg sensor, 
parallelism of the sensor with the yarns in the Y-direction...), only the order of 
magnitude can be predicted. In order to be able to validate both FE models, the 
WiseTex/MeshTex model and the ORAS model, with an embedded fibre Bragg 
sensor, this sensor should explicitly be implemented, with a correct position in the 
RUC and similar cross section, in the FE models, with the correct position of the 
Bragg sensor and yarns obtained through a micro-CT scan. Additionally a meso-
scale model with complete representation of the composite through the thickness 












Figure 4-15: Comparative analysis of the local strain contours of the ORAS 
model and the WiseTex/MeshTex model over the same path of the RUC; (b) 
path for the WiseTex/MeshTex model; (c) path for the ORAS model 
 
MeshTex allows a maximum of 20 elements for a yarn in width direction and a 
maximum of 4 elements through the thickness (2 per yarn in thickness direction if 2 
yarns are crossing). ORAS does not have any limitations concerning the mesh size 
and therefore will generate more smooth local strain contours and this is important 
when in future work damage has to be included. 
4.4.1 Stacked model: geometrical model, mesh and PBC  
In this section an analysis of the local strain fields on a model with a representation 
of the consolidated fabric through the thickness (idealized), thus without periodic 
boundary conditions in the thickness direction but only on the in-plane faces, will be 
compared to the ORAS model (‘B-M4-G2’) calculated in previous sections. 
Different variations on the stacking sequence of the unit cells in the thickness 






direction of a real composite are possible, for example: in-phase stacking (Figure 
4-16(a)), out-of-phase stacking (Figure 4-16(b)) and step stacking (Figure 4-16(c)).  
 
 
Figure 4-16: (a) In-phase stacking of 2 unit cells; (b) out-of-phase stacking of 2 
unit cells; (c) step stacking of 2 unit cells 
 
The stacked model calculated in this section consists of 4 in-phase stacked unit cells 
with a traction free surface at the top surface and a z-symmetry condition at the 
bottom face, and with in-plane periodic boundary conditions (Figure 4-17(a)). This 
results in an out-of-phase stacking of the 2 centre unit cells due to the z-symmetry. 
This stacking was chosen since the purpose of this section is only to show the 
influence on the local strain profiles of the representation of the total thickness 
compared to the single layer with PBC in the three directions. In the stacked model 
only in-plane periodic boundary conditions were applied (Figure 4-17(a)). The mesh 
of the model consists of 1,247,159 nodes and 1,901,437 C3D4 matrix elements and 
533,064 C3D8 yarn elements (Figure 4-17(b)(c)). The same tensile strain of 0.2% in 
the y-direction as the one applied on the ‘B-M4-G2’ model in previous section was 














Figure 4-17: (a) in-phase stacked model with in-plane PBC, a free top surface 
and a z-symmetry on bottom surface; (b) mesh of the stacked model; (c) side 
view of the mesh of the in-phase stacked model 
4.4.2 Results 
The contour plots of the local strain profiles of the stacked model in Figure 4-18 (a) 
and (b) show a clear difference between the inner surface (b) and free outer surface 
(free surface) (a) profile. If one compares the maximum and minimum values of the 
local strains in the Y-direction for the stacked model (Figure 4-18 (c)) at these faces, 
outer face (max = 0.42%; min =0.065%) and inner face (max = 0.38%; min = 
0.10%), the maxima and minima do not differ that much, but the peaks at the cross 
over points are more pronounced at the free outer surface. If one compares these 
values with the maximum and minimum strain value εyy in model ‘B-M4-G2’ (max 
= 0.36%; min = 0.16%), the difference in maximum values do not change much, but 
the minima are lower in the stacked model.  
The difference between the different numerical models, with and without periodic 
boundary conditions in the thickness direction, and the experimental value obtained 
with the Bragg sensor show that it is very difficult to obtain a correlation if the real 
architecture, with implementation of the FBG in the numerical model and the real 
alignment and stacking of the yarns, is not taken into account. The effect of the 
internal yarn shifting (nesting), misalignments, and variable yarn cross sections on 
the local strain behaviour was also emphasized through this work [2]. But the tool 
developed in this work opens a new path of generating such a complex model taking 














Figure 4-18: Comparison of the strain contours in the y-direction (along the 
load) on a stacked model with (a) the outer and (b) the inner surface. The local 
strain profiles without PBC in the thickness direction for models (a), model (b) 
and the model 'B-M4-G2' with PBC in the thickness direction can be found in 
(c) 
 
4.5 IMPLEMENTATION OF PERIODIC BOUNDARY CONDITIONS ON 
COMPLEX GEOMETRIES USING THE NEW TECHNIQUE AND 
CREATION OF ON NON-IDEALIZED RUC MESHES  
4.5.1 Spread tow reinforced composite 
The aim of this section is to show the capabilities of the new PBC implementation 
technique with the construction of a RUC of a spread tow plain weave fabric 
reinforced composite and the FE calculation of the model (Figure 4-19). As 
described in Chapter 3 – section 3.3, a wide spread (15-20 mm) and thin (0.05 – 0.1 






mm) yarn, also called spread tow, is woven into a plain weave fabric with one of the 
big advantages that the mechanical properties compared to regular tows are 
increased because of the reduced crimp of the tow.  
 
 
Figure 4-19: A CAD model of a spread tow plain weave composite RUC 
 
A RUC of a carbon fibre spread tow plain weave reinforced composite (Figure 4-19) 
is built in a CAD software and after meshing in a commercial FE software, the PBC 
were applied using the new technique. The big difficulty for the existing meso-scale 
software products is to achieve the fibre volume fractions as obtained 
experimentally [2]. For example an average of 50.5% fibre volume fraction in a 
spread tow (width = 20 mm, height = 0.05 mm) with an overall composite fibre 
volume fraction of 50.4% has to be obtained [8]. This requires a very small amount 
of matrix in between the spread tows. Using the new technique described in this 
work, one obtains an overall composite fibre volume fraction of 50.27% (with 
50.5% of fibre volume fraction in the spread tows) with very small pockets of the 
matrix (Figure 4-19 ). In order to show the sensitivity of an increase of fibre volume 
fraction inside the yarns from 50.5% to 55% (overall fibre volume fraction = 
54.75%) on the results, both material properties were applied.  The technique used 
for avoiding overconstraint nodes at the interface between the matrix and yarns, is 
the technique defined in section 3.3.5.b of Chapter 3 - Figure 17 b. The yarns are 
connected together at their interface by using tie constraints.  
 
In Table 4-9 the results for the CF/Epoxy spread tow fabric composite are shown 
and in Figure 4-20 (a) a contour plot of the strain in the y-direction (along the load 
direction) of the RUC can be found. The purpose of showing these results is to show 
the reader the power of the method for the implementation of the PBC presented in 
this work and that the technique allows the calculation of such complex meso-scale 
unit cells. In the future real tests on the real composite will be performed in order to 
be able to have accurate and reliable experimental results. Additionally the exact 






geometry will be necessary from the real manufactured composite with the correct 
crimp size, thickness…available through a micro-CT scan of the material. 
 
 
Figure 4-20: Strain results (ɛ22 – along the load direction) of the meso-scale FE 
model with PBC of a CF spread tow fabric reinforced epoxy 
 
 
Spread Tow 1 Spread Tow 2 
Vf (yarn), [%] 50.50 55.00 
Vf (overall), [%] 50.27 54.75 
E11, [GPa] 63.29 68.69 
E22, [GPa] 63.29 68.69 
E33, [GPa] 9.90 10.67 
ν12, [-] 0.04 0.04 
ν13, [-] 0.33 0.33 
ν23, [-] 0.33 0.33 
G12, [MPa] 4073.22 4469.68 
G13, [MPa] 3777.94 4102.96 
G23, [MPa] 3786.08 4111.71 
Table 4-9: FE calculation of the elastic constants of a spread tow fabric plain 
weave CF/Epoxy composite RUC 
 
One notices in Table 4-9 that a small increase of the fibre volume fraction within the 
yarns and thus of the overall fibre volume fraction has a substantial impact on the 
calculated elastic properties of the composite unit cell. This proves the need of a 
realistic meso-scale model representing the reality of the manufactured composite. 
 
4.5.2 5-harness satin weave CETEX material with a drilled hole 
Another example showing the strength of the new approach is a model of a 5-
harness satin weave fabric composite with a hole with a diameter of 0.1 mm as can 
be found in Figure 4-21. It would be very difficult and time consuming to create a 
finite element mesh with periodic mesh nodes at opposite faces of the RUC of such 






a model due to the geometric non-linearity due to the hole. Since one can use any 
commercial software package, such models cannot be an obstacle anymore if one 
wants to calculate numerically the effect of a hole on the elastic properties of a 
material. Only the mesh is shown and no calculation of the elastic properties has 
been done since, once the mesh can be created the PBC can be applied and the 
calculation can be done. But no experimental data are available and the purpose is 






Figure 4-21: Example of a drilled hole in the CETEX material with (a) the 
complete model of matrix and yarns and (b) only the yarns 
 
In Chapter 7 a tool has been developed for the application of a Boolean operation on 
an existing mesh (or orphan mesh). This would allow using existing boundary 
conditions without having to perform the entire design process from scratch starting 
with a new CAD design, meshing and creating all the surfaces and boundary 
conditions again. 
4.5.3 Non-idealized yarn in a 5-harness satin weave CETEX RUC  
Since a limitation of the state of the art is the use of idealized cross sections with 
perfect alignment, in this section a CAD model and mesh of a CETEX RUC will be 
shown integrating a yarn with non-ideal cross section. Again if the mesh can be 
generated, the PBC can be applied on the RUC and thus the elastic properties can be 
calculated. Therefore only a CAD model with random variation of the cross section 






of a yarn (Figure 4-22(a)(b)) will be shown with corresponding mesh of the yarn 
(Figure 4-22(c)) and the RUC with a view cut through the mid-plane of the meshed 










Figure 4-22: (a) CAD model of a yarn of the CETEX RUC with variable cross 
sections; (b) CAD of the CETEX RUC with implementation of the non-ideal 
yarn; (c) the mesh of the yarn and (d) the resulting mesh of the matrix with a 
view cut through the mid-plane 







The current chapter presents: 
 A detailed validation of the new method for the implementation of periodic 
boundary conditions described in Chapter 3 on a meso-scale FE model. The 
construction of the 5-harness satin weave textile CF/PPS reinforced 
composite RUC is accomplished using WiseTex and the translation to a FE 
mesh is made using MeshTex. The PBC are implemented using the state of 
the art technique and using the new methodology. The results of the macro-
homogenized elastic properties for both methods are compared with the 
experimentally obtained values of Chapter 2. Good agreement was found 
between the new methodology (of the ORAS software) and the 
experimental results and the state of the art technique. 
 An entire geometrical model consisting of multiple parts was built using 
Catia V5 and the material properties were applied by using the dedicated 
module implemented in the ORAS software and described in Chapter 3. 
This assembly was meshed using the commercial FE software Abaqus and 
non-identical meshes for the multiple parts were obtained. The PBC were 
applied using the ORAS software. Multiple aspects like FE mesh 
sensitivity, PBC grid size, heart line mesh size were analysed. The macro-
homogenized elastic properties obtained for the new model correlate well 
with those obtained with the state of the art technique and the experimental 
results. 
 An introductory analysis concerning the numerical local strain behaviour 
within the plies and on the free outer surface of the composite under 
uniaxial static tensile load is given. A comparative analysis between a 
model consisting of in-phase stacked unit cells with in-plane PBC and a 
model consisting of a unit cell with PBC in the 3 directions was performed.  
 In order to show the capabilities of the ORAS software and the different 
tools developed in Chapter 3, a CF spread tow plain weave fabric 
reinforced epoxy composite RUC was developed with the proof of the 
importance of having reliable experimental data in order to create a meso-
scale FE model representing the reality. 
The methods developed in the ORAS software for the implementation of PBC on 
multiple part meshes with non-identical meshes on the opposite faces were validated 
and ease the development of previously complex RUC models. 
 
As a conclusion, the current work emphasizes the need of realistic meso-scale FE 
models with the implementation of the imperfections (misalignments) and correct 
stacking (and nesting) of the yarns in order to correctly predict the local strains in 
the composite. These will be necessary for the implementation and calculation of 
damage models at meso-scale FE models.  
 
Therefore, in the next chapters, following research will be described: 






 the analysis of different techniques for the implementation of delamination 
in FE simulations (Mode I and Mode II), experimentally and numerically  
 the development of a tool for the automatic implementation of cohesive 
elements (wrapping) in between all the elements of a FE mesh 
 Since voids, defects and others imperfections can highly influence the 
elastic properties and damage initiation parameters, a tool was developed 
which, starting from a dataset of points (e.g. .stl file), can recreate the 
volume in an existing mesh.        
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Chapter 5  
 
Experimental and analytical study of 
the delamination in composite 
materials 
 
Multiple material parameters are needed as an input 
for the models of the simulation of delamination. In this 
chapter an analysis of the experimental tests needed for 
obtaining these necessary parameters will be presented 
as well as the corresponding analytical solutions. First 
an in-depth study of the procedure for obtaining the 
mode I critical strain energy release rate of a 
unidirectional glass fibre reinforced composite will be 
performed. Then a hybrid, experimental/ analytical 
procedure for deriving the mode I critical strain energy 
release on a woven fabric was developed and 
validated. Additionally the test for obtaining the mode 
II fracture toughness on a woven fabric composite was 
studied.  
5.1 SCOPE 
In previous chapters a technique was developed allowing a meso-scale FE RUC 
simulation consisting of multiple parts and multiple meshes in order to obtain the 
elastic mechanical properties of the composite. However, if one wants to be able to 
perform multi-scale modelling with implementation of damage initiation and/or 
propagation at meso- and macro- scale, simulation techniques allowing non-linear 
material behaviour will have to be implemented. Damage in the fibre reinforced 
composites can be caused by many different sources during static and fatigue 
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loading, low and high energy impact and environmental loads.  In this chapter the 
focus will be put on debonding / delamination between plies. But for the integration 
of delamination in a numerical finite element model, experimentally obtained 
parameters are needed such as the mode I and mode II critical strain energy release 
rates, GIc and GIIc respectively. Therefore, the following sections will be covered in 
this chapter: 
1. Theoretical study of linear elastic fracture mechanics  
2. Experimental study for obtaining the material properties needed for 
damage simulations using cohesive zone methods 
a. Mode I – DCB Test 
b. Mode II – ENF test 
5.2 INTRODUCTION TO THE LINEAR ELASTIC FRACTURE 
MECHANICS  
The linear elastic fracture mechanics (LEFM) are often used in the predictive 
analysis of cracks. The cohesive zone methods are also increasingly used in the 
numerical modelling of crack initiation and propagation. These are based on theories 
described more than hundred years ago when Kirsch (1898) [1] started describing 
the stress around a circular hole in an infinite plate under tensile load. This section 
will give an overview of the most important theories which led to the LEFM known 
nowadays. In order to obtain analytical solutions for describing stresses around holes 
and later stresses around cracks, the Airy stress function was used in combination 
with potential functions. Therefore a short description of the Airy stress function is 
given followed by the historical evolution leading to the LEFM. 
5.2.1 Airy stress function 
The equilibrium equations for a continuum are obtained by considering a small 
volume element of the body, writing the equilibrium with its dimensions and taking 
the limit as these dimensions reduce to zero. Consider a cuboid volume with 




Figure 5-1: Small cuboid volume element of the continuum body 
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Considering the plane stress state (in the xy-plane), meaning that all stress 
components in which one of the subscripts is z, are zero while the stress components 
σx, σy, τxy and τyx depend only on x and y. If a body force b (bx and by), independent 
of z, acts on the element, the equilibrium of forces can be written taking into account 
the stresses and forces given in  Figure 5-2. 
 
Figure 5-2: Forces applied on a plane stress element 
  
Thus the stress equilibrium equations can be written as: 
 
   
  
 
    
  
      
(5-1) 
    
  
 
   
  
      
with τxy = τyx. 
 
Airy showed [2] that in absence of body forces (bx = 0 and by = 0), a function  
Φ(x, y) could be found satisfying the equilibrium equations when following is true: 
 
   
   
   
 
(5-2)    
   
   
 
     
   
    
 
 
With the Laplacian equation given by: 
 
                       (   ) 
 
(5-3) 
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where    
  
   
 
  
   
 
and assuming no body forces, the compatibility relationship, in terms of stresses, can 
be written as: 
 
  (     )    (5-4) 
Now representing the relation in terms of the Airy stress function using relations 
(5-2), one obtains: 
   
   
  
   
      
 
   
   
       (5-5) 
 
Stress functions as complex functions of two variables are often used in the 
theoretical stress analysis. Consider z to be a complex number in the Cartesian 
coordinates x and y: 
       (5-6) 
where   √  . Consider the analytic function f(z) whose derivatives depend on z 
only with the form: 
 ( )       (5-7) 
 
where α and β are real functions of x and y. Since f(z) is a complex analytic 














       ( ) 
By differentiating above equation (5-8)(a) with respect to x and equation (5-8)(b) 
with respect to y, the following is obtained: 
  
   
   
 
   
   
       (5-9) 
The same can be applied on β to give      . So both the real and imaginary part 
of any complex function provides a solution to Laplace’s equation. 
Assuming ψ and χ to be two harmonic analytic functions of x and y with     
     , it can be shown by differentiation that           . A suitable stress 
function can be found (Muschelov [3]) from any two analytic functions ψ and χ and 
can be expressed as [2]: 
    [(    ) ( )   ( )] (5-10) 
where Re indicates the real part of the complex expression. Or by using the 
conjugate function,  ̅      , equation (5-10) becomes: 
 
    [ ̅ ( )   ( )] (5-11) 
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Substituting equation (5-11) in equation (5-2) results in: 
 
         [ 
 ( )] (5-12) 
              [ ̅ 
  ( )     ( )] (5-13) 
where    and     represents the first respectively the second derivative of   with 
respect to z. 
 
These functions will be used by Inglis (see section 5.2.2) and others in combination 
of potential functions for obtaining definitions for the stress around a crack tip. 
5.2.2 Inglis [4] – Elliptical hole in an infinite plate 
In the analytical research of professor of naval architecture Inglis (1913) [4], a 
solution was found for the problem of stress concentrations around an elliptical hole 
in an infinite plate under a uniform load. Kirsch [1] described the stress around a 
hole in an infinite plate under tensile load. Inglis used a complex potential function 
to extend Kirsch’s work around circular holes to elliptical holes.  
 
Figure 5-3: Elliptical hole with elliptical coordinates in an infinite plate 
 
Starting from Figure 5-3 using elliptical coordinates with: 
 
              
              
(5-14) 
 
where c is a constant and by eliminating β it is equivalent to: 
 
  
      
 
  
      
     (5-15) 
 
On the boundary of the ellipse where      we can write: 
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(5-16) 







   (5-17) 
which is a Cartesian equation of an ellipse with a and b being the major and minor 
radii (n x- respectively y-direction in Figure 5-3). The elliptical coordinates can be 
written in terms of complex variables as: 
 
           (5-18) 
where         
 
When the boundary of the ellipse is traversed, α remains constant at α0 while β 
varies from 0 to 2π. But the stresses must be periodic in β with period 2π, while 
becoming equal to the far field uniaxial stress      and          far from the 
ellipse and when substituting this in equations (5-12) and (5-13), one obtains for 
   : 
 
   [  ( )]    (5-19) 
 [ ̅   ( )     ( )]    (5-20) 
 
These boundary equations are satisfied by potential functions in the form: 
 
  ( )                   (5-21) 
  ( )                           (5-22) 
where A, B, C, D and E are constants to be determined from the boundary 
conditions and one obtains [4]:  
  ( )    [(      )                ] (5-23) 
  ( )      [(             )  
 
 




The stresses σx, σy and τxy can be obtained by applying equations (5-23) and (5-24) 
in equations (5-12) and (5-13). At α=α0 one obtains the following solution for the 
tangential stress: 
 
     
   [
       (   
    )
             
  ] (5-25) 
And for the points located at the end of the elliptic hole, α = α0 and β = 0, β = π one 
obtains the highest stress: 
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which can be rewritten in function of the radius of the curvature ρ as: 
 




This means that large cracks are worse than small ones and that sharp voids are 
worse than rounded ones. Inglis hereby calculated that the stresses around the holes 
in the plates are much higher than the nominal stress. 
 
Limitation of Inglis’ solution:  
In the limit of a perfectly sharp crack, the stress approaches infinity at the crack tip. 
This is non-physical, since with only a very small applied load, the stress near the 
crack tip would become infinite and thus the material would have zero strength. 
 
5.2.3 Westergaard’s theory 
Inglis solution is difficult to apply, especially where sharp cracks at the edges have 
to be taken into account. Westergaard (1939) constructed a stress function Φ where 
the stress acting perpendicularly to the crack free surfaces must be zero and at 
distances far from the crack the stress must approach the far field imposed stresses. 
His theory lead later (see Irwin 5.2.5) to the stress intensity factor    √  , which 
is commonly used today [5]. 
 
5.2.4 Griffith’s energy theory 
When Griffith was trying to predict the strength of glass fibres with varying 
diameters analytically, Griffith observed that the strength was decreasing with 
increasing diameter [6]. He concluded, with the knowledge of Inglis’ work, that the 
difference between the analytical and experimental values is due to the stress 
concentrations around the crack or flaws in the glass fibres. In fibres with smaller 
diameter, and thus less volume, the possibility for a crack to exist is lower and 
higher strengths can be reached. This observation led to the study of cracks and 
Griffith is seen as the father of fracture mechanics. Griffith derived an energy based 
criterion for fracture by coupling the total change in energy of a cracked body with 
increasing crack length. The energy balance for a continuum subjected to an 




(     )  
 
  
( )   (5-28) 
where Us is the total internal strain energy; UΓ is the surface energy and W is the 
external work applied on the continuum. This equation can be rewritten as: 
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 (5-29) 
and describes that during crack growth, the work applied on the continuum in the 
form of external load equals the rate of internal strain energy Us plus the dissipated 
surface energy UΓ where the internal strain energy can be split into an elastic and a 
plastic component:      
    
 
. 
If one considers the potential energy     
    and by implementing equation 





   






   




   
  
 
   
  
 




   
  
 (5-30) 
It indicates that during crack growth the decrease rate of the potential energy 
corresponds to the rate of energy dissipated in crack growth and in plastic 
deformation. For a brittle material, there is no plastic deformation and the term  









       (5-31) 
where γS is the surface energy and the factor 2 indicates there are two material 
surfaces upon the crack. G which is the strain energy release rate was defined by 
Griffith as the energy released per unit of crack area extension. 
Thus the stress required to create a new crack surface for plane stress is: 
 
  √




Limitations of Griffith’s criterion: 
The energy dissipated by local plastic flow is not taken into account. 
 
5.2.5 Irwin’s correction  
This limitation was solved later by Irwin (1957) who introduces the stress intensity 
factors being the parameter describing the stress and displacements near the crack 
tip. The correction on the crack tip opening displacement (CTOD) in the plastic zone 
can be handled by replacing the actual crack length by an effective crack length 
which is the actual crack length plus the length of the plastic zone in front of the 
crack tip. Equation (5-31) is transformed into: 
 
         (5-33) 
where Gp is the plastic dissipation per unit of crack growth. 
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Considering a cracked plate, Irwin created a classification of three failure modes 
(Figure 5-4) corresponding to the manner a load should be applied for enabling the 
crack to propagate with: (a) Mode I or the opening mode; (b) Mode II or the sliding 
mode and (c) Mode III or the tearing mode. The crack propagates in a plane 
perpendicular to the maximal principal stresses. 
 
  
(a) (b) (c) 
Figure 5-4: Fracture modes: (a) Mode I; (b) Mode II; (c) Mode III 
 
The strain energy release rate G, with GI for mode I, GII for mode II and GIII for 
mode III, is thus the energy needed during fracture for growing the crack with a unit. 
The critical strain energy release rate is a failure criterion defining the limit of the 
available strain energy under which the crack will not propagate,     . For the 
different failure modes defined by Irwin, the critical strain energies can be written 
as: GIc for mode I, GIIc for mode II and GIIIc for mode III. 
 
After Irwin a lot of research was performed by other researchers in order to improve 
the analytical models, e.g. Dugdale and Barenblatt leading to the cohesive zone 
methods (see Chapter 6).    
 
Griffith is seen as the initiator of the linear elastic fracture mechanics (LEFM) and 
later Rice gave an analytical solution for the stress at the crack tip for non-linear 
fracture mechanics (NLFM) by introducing the J-integral, with the material 
behaviour described by the general Ramberg-Osgood relation [2]. 
5.3 EXPERIMENTAL AND ANALYTICAL IDENTIFICATION OF THE 
MATERIAL PARAMETERS NEEDED FOR THE NUMERICAL 
MODELLING OF DELAMINATION 
If a simulation of a delamination is needed during a research and design process of a 
composite part or for the simulation of delamination in an adhesively bonded joint 
between two parts, material parameters as those defined in the theory in previous 
sections will be needed. In this section, the focus will be put on a static analysis. For 
obtaining the critical strain energy release rates GIc, GIIc and GIIIc multiple tests are 
needed. However mode III failure can occur especially for angle ply composites, the 
focus in this work was put on the opening mode I and the sliding mode II: 
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1. the ASTM-D5528 standard determines the mode I critical strain energy 
release rate GIc by means of a mode I double cantilever beam (DCB) test 
[7].  
2. for obtaining GIIc no ASTM standard exists, but the scientific community 
uses generally the End Notched Flexure (ENF) test and an ASTM standard 
according to the ENF test is under evaluation [8]. 
 
5.3.1 Mode I: Determination of GIc with a DCB test 
The objective of a DCB test is to determine the GIc for an interlaminar interface. The 
ASTM-D5528 standard is a commonly used standard ( [7]). Figure 5-5 presents the 
test specimen (a) and a practical integration (b) in a mechanical test bench (c) in 








Figure 5-5: Double Cantilever Beam (DCB) test specimen (a) a virtual and (b) a 
practical realisation in a (c) mechanical test bench 
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5.3.1.a Test setup 
All tests have been performed on an electromechanical Instron 5800R tensile 
machine Figure 5-5(c). A calibrated load cell of 1 kN has been used and the forces 
and displacements were recorded using the Blue Hill software throughout the 
experiment. The tests were displacement driven with accurate control of speed 
(1mm/min) and position. All the results were post-processed in Excel. The 
behaviour of the material under the mode I loading condition was captured visually 
by using a USB microscope. In order to be able to position this microscope 




Figure 5-6: (a) USB microscope; (b) positioning setup for the USB microscope 
 
The USB microscope has a 1.3 megapixel resolution and an adjustable 
magnification of x10 to x50 times and one at x200 and can be calibrated for 
measurements. The exact amplification is therefore dependent on the distance 
between the microscope and the study object. It has an integrated LED light source 
and the included software allows an automatic capture of video and images at a 
frame rate of 30 FPS.     
5.3.1.b Test specimen  
Two types of materials were tested, viz. a unidirectional glass fibre reinforced epoxy 
and the CETEX material as given in Chapter 2. The GF/Epoxy plates were produced 
with the resin transfer moulding (RTM) technique.  Eight layers of non-crimp GF 
UD fabric are packed in a mould cavity which has the shape of the desired part and 
the mould is closed. The matrix, polymer resin, is then pumped into the cavity where 
an under-pressure is built up with a vacuum pump sucking the air out until the entire 
mould is filled with resin and fibres. In the last phase, the curing cycle, the mould is 
heated and the resin is polymerized to finally become a fibre reinforced composite. 
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In order to obtain mode I test specimens, a kapton film is placed in the centre of the 
stacking of the reinforcing fibre layers. This non-adhesive film will form the 
initiation of delamination of the composite.  
The second type of material used in this section is the same reinforcing material and 
polymer as defined in Chapter 2, viz a polyphenylene sulphide (PPS) reinforced 
with a 5-harness weave CF fabric. The plates with the insertion of a kapton film in 
the midplane of the [(0, 90)4, (90, 0)4]s stacking consists of a total of 16 fabric layers. 
These plates were produced and delivered by Tencate.  
The mechanical properties for both materials can be found in Table 1. The properties 
for the CETEX material are extracted from the meso-scale simulations obtained in 
Chapter 4. 
  UD GF/Epoxy  CF/PPS (CETEX) 
E11, [GPa] 38.90 56.20 
E22, [GPa] 13.30 56.21 
E33, [GPa] - 10.66 
ν12, [-] 0.25 0.08 
ν13, [-] - 0.42 
ν23, [-] - 0.42 
G12, [MPa] 5130.00 4390.28 
G13, [MPa] - 3227.19 
G23, [MPa] - 3228.68 
Table 1: Elastic properties of the UD GF/Epoxy and the CETEX material 
 
The plates (Figure 5-7(b)(c)) were sawn using a diamond saw in the dimensions 






Figure 5-7: (a) DCB Tests specimen dimensions; (b) UD glass fibre epoxy panel 
and (c) CETEX material panel. 
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5.3.1.c GIc of the glass fibre reinforced composite (GF/E) [0]8 
In an initial phase, 3 specimens (GFE1, GFE2 and GFE3 in Table 2) with the 
dimensions conform to those given in the ASTM standard D5528 were tested in 
order to evaluate the ASTM standard method for the fracture toughness calculations 
with one polished side of the specimens.  
 
  GFE1 GFE2 GFE3 
Thickness t, [mm] 3.00 3.00 3.00 
Width b, [mm] 23.15 23.15 23.25 
Length L, [mm] 123.40 123.35 123.60 
a0, [mm] 47.95 47.95 47.95 
a0 (after precrack), [mm] 56.95 56.95 57.45 
Table 2: Dimensions of the GF/Epoxy (GFE1 – GFE3) test specimens 
 
After a first pre-crack as mentioned in the ASTM standard was introduced, the 
obtained load – displacement curves (Figure 5-8) were obtained from the mode I 
double cantilever beam test on test specimens GFE1, GFE2 and GFE3. The forces 
were normalised for the 3 test specimens to correspond to forces obtained with a test 
specimen with a width of 23.15 mm in order to be able to compare the results of the 
different test samples. 
 
 
Figure 5-8: Load-displacement curve of test specimens GFE1, GFE2 and GFE3 
under mode I loading 
 
The standard proposes 3 points on the curve which can be used as initiation point for 
further delamination [7]: 
 NL (nonlinearity): the point on the load displacement curve where an onset 
of nonlinearity is observed. It represents a lower bound value for GIc. 
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 VIS (visual observation): the point on the curve which corresponds to the 
first point at which the delamination is visually observed by using a 
microscope.  
 5% Offset / maximum point: one draws a line starting from the origin of the 
load-displacement diagram with a 5% offset increase in compliance from 
the original linear part. The intersection of the load-displacement curve is 
then the requested value. If the intersection occurs after the first peak value 
of the non-linear part of the load-displacement curve, the value of the first 
peak should be used.  
 
For the test specimens GFE to GFE3 the GIc, ini (= GIc initiation) was calculated 
using the three methods described above. For the determination of the interlaminar 
fracture toughness GIc, 3 data reduction methods were used [7] and all were 
calculated in order to compare the different methods: 
 The modified  beam theory (MBT) 
 The compliance calibration method (CC) 
 The modified compliance calibration method (MCC) 
Since one has to be able to follow the crack propagation visually, a measuring ruler 
was drawn on the polished side of the test specimens by using a black marker. Every 
time one notices through the USB-microscope that the crack tip comes across a 
black marker, the position marker is written and the displacement given by the 
tensile machine is written. Both allow afterwards the positioning on the curve for 
obtaining the corresponding force on the load-displacement curve. The crack length 
is the sum of the initial crack length a0 and the length measured during the test.    
Below, the calculation procedure will be shown for test specimen GFE3 and the 
results for the specimen GFE1 and GFE2 will be given in the summarizing table.  
 
Step 1: Definition of the initiation point 
Since a non-linear part can be observed in the first data points of the load-
displacement curve for the GFE3 specimen results, a curve fit was performed on the 
section above this non-linear part. Using the trend line defined in this curve fitted 
section, the NL-point and the 5%-offset point could be calculated. The results (load 
and displacement) of these points together with the visually observed point can be 
found in Figure 5-9 and Table 3.     
Chapter 5  Experimental and analytical study of the delamination 






Figure 5-9: Determination of the initiation point for the GFE3 test specimen 
load-displacement curve 
 
  δ, [mm] Force, [N] 
NL-Point 23.15 44.58 
VIS 23.5 45.05 
5%-Offset 24.25 45.82 
Table 3: Results table for the initiation points of the GFE3 test specimen load-
displacement curve 
 
Step 2: Determination of the correcting factor F 
The standard stipulates that large displacements have to be corrected by means of 
the correcting factor F which accounts for the shortening of the moment arm. At 
each delamination length, the ratio δ/a is calculated and if at least one of these 
calculated ratio’s is bigger than 0.4, the correcting factor has to be multiplied with 
all the obtained GIc’s. F is calculated by: 
 
















where t is defined as given in Figure 5-10  
 
 
Figure 5-10: Definition of distance t in the formula of the correction factor F 
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Step3: Calculation of GIc 
The critical strain energy release rate GIc is calculated, depending on the calculation 
method used viz. the modified beam theory (MBT), the compliance calibration (CC) 
and the modified compliance calibration (MCC), using following equations ((5-35) 
– (5-37)): 
MBT:     
   
  (   )
 (5-35) 
CC:     
   
   
 (5-36) 
MCC     
       
     
 (5-37) 
 
where: P = load applied on the hinges, [N] 
 δ = load point deflection, [m] 
 b = width of the test specimen, [m] 
 a = total delamination length, [m] 
 C = compliance, given by δ/P, [m/N] 
 h = thickness of the test specimen, [m] 
 ∆, n, A1 = correction factors, [m], [-], [-] 
  
As mentioned in step 2, if the large displacements of the beam have to be taken into 
account, the critical energy release rates have to be multiplied with the correction 
factor F.  
 
The theory behind the 3 methods described in the standard for calculating the GIc 
assumes that the double cantilever beam is perfectly encastred and will therefore 
overestimate the fracture toughness. In fact some rotation may occur at the 
delamination front (Figure 5-11) and correction factors are introduced. In the MBT 
(modified beam theory) method this correction factor is referred to as ∆, in the CC 
(compliance calibration) method it is n and in the MCC (modified compliance 
calibration) one uses A1.  
 
Figure 5-11: Rotation at the delamination front 
 
Correction factor ∆ in the MBT method: 
In a graph with the delamination length a on the horizontal axis and C
1/3
 (with C = 
compliance = δ/P) on the vertical axis, a best fit line is drawn through the plotted 
points. The distance between the intersection of this best fit line with the horizontal 
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axis and the origin of the diagram corresponds to ∆. Figure 5-12 illustrates this and 
the ∆ obtained for test specimen GFE3 equals 10.74 mm. 
 
 
Figure 5-12: Determination of ∆ in the MBT method 
 
Correction factor n in the CC method 
Consider a graph with logarithmic scale with on the horizontal axis the delamination 
length a and on the vertical axis de compliance C. The slope of the best fit line 
through the plotted data points corresponds to the correction factor n. Figure 5-13 
illustrates this and the n obtained for test specimen GFE3 equals 2.6002. 
 
 
Figure 5-13: Determination of n in the CC method 
 
Correction factor A1 in the MCC method 
In a graph with C
1/3 
on the horizontal axis and a/h on the vertical axis, the slope of 
the best fit line through the plotted data points corresponds to the correction factor 
A1. Figure 5-14 illustrates this and the A1 obtained for test specimen GFE3 equals 
283.61. 
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Figure 5-14: Determination of A1 in the MCC method 
 
After applying all these steps, one obtains the results of the R-curve (delamination 
resistance curve) for the critical strain energy release rates for the crack initiation 
after pre-crack (GIc, ini, AP) using the 3 methods (NL, VIS and 5% offset) and the 
crack propagation (GIc, prop) for the three reduction methods (MBT, CC, MCC) and 
this is illustrated in Figure 5-15 for the test specimen GFE3.    
 
 
Figure 5-15: Delamination resistance curve (R-curve) for the GFE3 test 
specimen 
 
The R-curves for the test specimens GFE1 and GFE2 are obtained using the same 
procedure and are illustrated in Figure 5-16. Quite a big difference in GIc, ini can be 
observed comparing the results of GFE1 and the other two results GFE2 –GFE3. 
This difference can also be observed in the load-displacement curves in Figure 5-8 
when comparing the maximum load before the non-linear part of the curve for test 
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sample GFE1 than for GFE2 and GFE3. A reason for this could be the sticking of 
the substrates to the Kapton film at initiation since for the crack propagation similar 







Figure 5-16: Delamination resistance curve (R-curve) for the (a) GFE1 and (b) 
GFE2 test specimens 
 
In Figure 5-17, a summary is given of the average values of GIc, ini, AP and GIc, prop for 
the test specimen GFE1, GFE2 and GFE3 comparing the 3 reduction methods and 
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the 3 points of initiation. The values are the mean values for the three test samples. 
For example the mean value for GFE1, GFE2 and GFE3 of the GIc, ini, AP calculated 
with the VIS-point method and with the application of the CC data reduction method 
equals 1002 J/m². The expected increasing line starting with the values for the NL-
point, the VIS-point, the 5% offset and finally the values during propagation are 
corresponding to the expected pattern in the D5528-ASTM standard. It must be said 
that for the propagation values, only the values corresponding to a delamination 
length higher than 10 mm where taken into account in order to use the stabilized 
crack growth for the calculation of the fracture toughness. A high difference 
between the minimum GIc, ini value (= 868 J/m² for GFE2 with the NL-method and 
the MBT data reduction scheme) and the maximum GIc, ini value (= 1178 J/m² for 
GFE1 with the 5%/max method and the CC data reduction scheme) can be observed 
as can be seen in Figure 5-15 and Figure 5-16. Considering the GIc, prop values, the 




Figure 5-17: Resulting values of GIc, ini, AP and GIc, prop for the test samples GFE1, 
GFE2 and GFE3 
 
Since the average results obtained with the 3 different reduction methods do not 
differ more than 3.1% from each other, there is no preference for the used method. 
In general it is advised to be conservative and thus to use the method generating the 
lowest values for GIc (for example the lowest average value 949 J/m²). If a 
composite part design has to be made even the lowest total value could be 
considered in order to remain conservative taking into account the standard 
deviation.  
The GIc, ini, BP, which is the critical strain energy release rate obtained for the test 
samples for the artificially introduced crack with the Kapton film, are obtained using 
the identical procedure as for the GIc, ini, AP. The resulting values are very much lower 
than those for the GIc, ini, AP, more or less half of the values of GIc, ini, AP. The reason 
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for this is that at the crack front with the Kapton film, no fibre bridging occurs, 
whereas for the calculation of GIc, ini, AP fibre bridging occurs as can be seen in Figure 
5-18. Therefore the focus will be put on the GIc, ini, AP. 
 
 
Figure 5-18: Fibre bridging of the GF reinforced composite test sample 
 
Although the results are correct, the procedure as described above lead to some 
inconsistencies with the ASTM recommendations: 
a) In the ASTM standard a minimum delamination length of at least 50 mm is 
recommended for a DCB test. But after the pre-crack, as can be found in 
Table 2, already 57 mm of the length of the test sample has been used and 
the maximum delamination length during the DCB test was approximately 
35 mm. 
b) Large deflections of the edges were observed, and although the correction 
factor F has been calculated and thus the deflection was taken into account, 
a smaller deflection is advised (Figure 5-19(a)). 
c) The crack tip could not always clearly be defined on the polished side of 





Figure 5-19: Limitation of the given procedure with (a) large deflection of the 
test specimen; (b) no easy and clearly defined crack tip position 
 
In order to study the influence of these inconsistencies, three new test samples were 
tested with following characteristics: 
 GFE4: the specimen does not have a polished side nor has a coat on the 
edges  
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 GFE5: the specimen has one coated face applied with a general white paint 
spray 
 GFE6: a thin layer coat of water-based typewriter correction fluid has been 
applied on one face of the test specimen 
 All three test samples have smaller initial delamination length a0 compared 
to GFE1-GFE3 (see Table 4) in order to take into account the influence of 
smaller deflection of the both legs of the test sample during crack 
propagation, in accordance with equation (5-38) as given in the ASTM 
standard [7]. 
         √
     
   
 (5-38) 
with h = 3mm, E11 = 38900 MPa and GIc = 949J/m
2
 (Figure 5-17), this results in 
         mm.  
 
In Table 4 the dimensions of test samples GFE4 – GFE6 can be found. 
 
  GFE4 GFE5 GFE6 
Thickness t, [mm] 3.00 3.00 3.00 
Width b, [mm] 21.30 21.30 21.30 
Length L, [mm] 104.90 105.00 104.90 
a0, [mm] 29.75 29.45 29.75 
a0 (after precrack), [mm] 38.75 35.45 37.25 
Table 4: Dimensions of the GF/Epoxy (GFE4 – GFE5) test specimens 
 
The load – displacement curves of all GFE test specimens are illustrated in Figure 
5-20. The crack propagation is smoother and more stable for test specimens GFE4 – 
GFE6 due to the smaller deflections of the arms of the test specimens.  
 
 
Figure 5-20: Load - Displacement curves for test specimens GFE1-GFE6 
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Except for obtaining the load-displacement curve, the GFE6 test specimen (Figure 
5-21(a)) showed that the typewriter correction fluid is not suited for determining the 
crack length correctly and in a precise manner. Therefore the R-curve cannot be 
presented for this test specimen. The R-curves for the test specimens GFE4 and 
GFE5 are obtained using the same procedure as for the GFE1 – GFE3 samples and 
are illustrated in Figure 5-22. The crack path and the delamination length cannot be 
localized very clearly on the unpolished sample GFE4 and therefore the calculated 
GIc, prop (Figure 5-22(a)) are too low compared to the values obtained for GFE1-
GFE3. Only for test specimen GFE5, the delamination length could be defined 
accurately (Figure 5-21(b)) and the R-curve presents values in correlation with those 
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Figure 5-22: Delamination resistance curve (R-curve) for the GFE4 (a) and 
GFE5 (b) test specimens 
 
Analytical study 
A lot of research has been performed on the analytical calculation of the mode I 
fracture toughness GIc. Multiple data reduction methods based on Linear Elastic 
Fracture Mechanics (LEFM) have been developed and can be categorized as: the 
compliance calibration methods based on experiments defining the relationship of 
the compliance versus the crack length [9,10,11]; the compliance calibration 
methods derived from the classical and modified beam theory [12,13,14]; an 
approach determining the energy release rate from the ratio of change in strain 
energy to the change in crack area [14,15] and finally a reduction method using the 
J-integral as a fracture parameter [16,17]. The expressions for GIc used in this work 
are based on the work of Williams [12,18] and Hashemi et al. [14]. 
 
Consider the following figure representing a Mode I double cantilever beam (DCB) 
specimen: 
 
Figure 5-23: DCB specimen 
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Based on Griffith’s crack growth energy see (equation (5-31)) Williams and 
Hashemi [12,14] derived the critical strain energy release rate as: 
 







Applying the classical beam theory with the compliance C = δ/P, Williams obtained 
the following critical strain energy release rate: 
 
    
 
 
    (    ) 




   
  (    )
 (5-40) 
 
In the expression above, P and δ are the load and deflection (equations (5-43) and 
(5-44)), F and N are large deformation parameters with F given in equation (5-34). 
The term χh used in equation (5-40) has to be added to the crack length in order to 
compensate for the crack tip rotation effect [14,18]. χ can be calculated using the 
following equations: 
  √
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 (5-41) 
      
√      
   
 (5-42) 
The necessary force P for crack propagation is given by: 
 
  √
          
  (    ) 
 (5-43) 
where GIc = critical strain energy release rate, [N/m] 
 b = the width of the specimen, [mm] 
 h = half of the thickness of the specimen, [mm] 
 E11 = longitudinal Young’s modulus, [Pa] 
 χh = compensation term for the crack tip rotation effect, [mm] 
 a = the length of the delamination, [mm] 
 
The corresponding displacement δ is given by: 
 
   
 (    ) 
      
 (5-44) 
 
Eliminating (    ) in equations (5-43) and (5-44), one obtains: 
 
   √ (






 (     )
     (   ) 
     (5-45) 
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Two analytical load-displacement curves “Analytical – GIc, prop” and “Analytical – 
GIc, ini” were created in Figure 5-24 with following input data: E11 = 38900 MPa; h = 
1.5 mm and b = 23.15 mm. The critical strain energy release rate GIc used for the 
curve “Analytical – GIc, prop” is GIc, prop = 1.125 N/mm, which is the mean value of 
the GIc, prop in Figure 5-17. The GIc used for the curve “Analytical – GIc, ini” is GIc, ini = 
0.961 N/mm which is the mean of the values at NL –point for the 3 test specimens 
GFE1-GFE3 in Figure 5-17. Additionally in Figure 5-24 the experimental load-
displacement curve of test specimen GFE5 was added. 
 
 
Figure 5-24: Load - displacement curve for GFE5 with the implementation of 
the analytical curve 
 
The analytical curves for the fracture toughness at initiation and propagation are 
notably lower than the experimental values. One of the reasons is the inherent 
problem due to the production method of the glass fibre epoxy plates, where the 




Figure 5-25: Difference in thickness of the top |a| and bottom part |b| of the 
delaminated substrate GFE1 
 
Therefore it is advised to speak in terms of an envelope taking into consideration the 
tolerances of the produced samples and calculated results rather than claiming a 
good agreement between the analytical and experimental curves in absolute values. 
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In Figure 5-26 the influence of the GIc, prop for a maximum calculated value (1.239 
N/mm) and a minimum calculated value (1.087 N/mm) is shown, with the half of the 
thickness of the substrate h = 1.45mm for the “Analytical – GIc, prop MIN” curve and 
h = 1.55mm for the “Analytical – GIc, prop MAX” curve in Figure 5-26.  
 
 
Figure 5-26: Influences of the GIc, prop value and the thickness h on the analytical 
load - displacement curves 
 
The procedure for obtaining the critical strain energy release rates of the mode I 
double cantilever beam tests has been well studied and the methodology is well 
defined for the unidirectional fibre reinforced composites. In the next section a 
procedure was developed for obtaining the mode I GIc for woven fabric composites. 
 
5.3.1.d GIc of the CETEX (CF/PPS) [(0º,90º)4, (90º,0º)4]s 
Originally the ASTM D5528 standard was meant for the determination of the 
interlaminar fracture toughness of unidirectional fibre reinforced composites, but 
another material studied in this work is a woven textile composite. In the standard 
some possible complications are listed when applying the standard on other 
materials, layups or architecture than on unidirectional fibre reinforced composites 
like [7]:  
 Non-unidirectional test samples may experience branching of the 
delamination away from the midplane leading to a multiple mode fracture 
due to the structural coupling of the asymmetric substrates formed during 
the delamination process. 
 The woven composites may yield a significant scatter on the results with a 
varying GIc-value during the test due to the possible resin pockets which are 
a consequence of the reinforcing architecture. 
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For the 5H-satin weave CF/PPS laminate, some preliminary tests have shown that 
the stable crack propagation, which usually occurs for unidirectional reinforcement, 
is not present, but a saw-tooth like force-displacement curve manifests itself. Upon 
the first loading the kapton film (recommended in the ASTM D5528 standard for 
polymers with higher processing temperatures like PPS is) of the test specimen 
tended to stick to both adherents causing a deviation from the expected linear slope 
before crack growth making the determination of the crack initiation point 
impossible. This effect is probably due to the high processing temperatures during 
the production of the test specimens (310°C). As such, the initial methodology 
described in the ASTM D5528 standard was inappropriate and has been adapted as 
recommended. A pre-crack was induced by opening the test specimen at the speed 
of 2mm/min on a tensile machine until the first crack jump occurs. Next, the 
specimen is unloaded and the actual crack length, including the pre-crack, is 
quantified with a microscope. At last the actual test is conducted. In Table 5, one can 
find the dimensions of the cracks before and after pre-crack. 
 
Specimen Width, [mm] a0 before pre-crack, [mm] a0 after pre-crack, [mm] 
CET 1 22.5 48.3 52.0 
CET 2 22.5 48.3 52.7 
CET 3 22.5 47.8 55.1 
CET 4 22.5 48.3 52.6 
Table 5: Dimensions of the cracks before and after pre-crack of the 4 CETEX 
test specimens 
 
In Figure 5-27 all the force-displacement curves are shown, with (i) a continuous 
displacement of the crosshead of the tensile machine for test specimens CET 1 – 
CET 3 and (ii) a stepwise loading of test sample CET 4. CET 4 was loaded until 
crack propagation and unloaded sequentially until complete failure was achieved. 
The goal of the CET 4 experiment was to evaluate the effect of fibre bridging. By 
closing the specimen after each loading, any fibre bridging in the crack area is most 
likely crushed or buckled, hence eliminating the bridging force. The unloading of 
the test specimen CET 4 in Figure 5-27 is not shown for clarity purpose.  
In the 4 load-displacement curves an unstable saw tooth-like crack propagation can 
clearly be seen and despite this instability, the reproducibility of the experiments is 
quite high.  
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Figure 5-27: Force-displacement curves for the mode I DCB test for all the 
CETEX test specimens 
 
In Figure 5-27, the initial bending stiffness of specimen CET 2 is higher than for the 
others which is unexpected since the initial delamination length for the CET 2 in 
Table 5 is slightly higher than for the other test specimens. But when observing the 
images taken from the side after pre-crack, it can be seen that for test specimen     
CET 1, the crack tip is not at the centre of the test specimen contrary to CET 2. This 
results in a thinner substrate for CET 1 compared to the other specimen CET 2 and 




Figure 5-28: Illustration of the crack tip after pre-crack for (a) test specimen 
CET 1 and (b) test specimen CET 2 
 
Since the load-displacement curve for CET 4 is very similar to those obtained for 
test specimens CET 1 and CET 3, both in shape and in values, no clear conclusion 
concerning the fibre-bridging effect can be drawn, so future analysis will be 
necessary but is out of the scope of this dissertation. 
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The procedure to obtain a value for GIc, prop for the CETEX material is described 
below [19]. Since one wants to obtain a value for GIc, prop and all the other parameters 
of equation (5-45) are known, the analytical curves will be fitted on the 
experimentally obtained values. The best fitting power laws, without taking the 
exponent of -0.5 into account are shown in Figure 5-29 and have been fitted to the 
peak values of the experimental curves of test specimens CET 1, CET 2 and CET 4. 
One observes that the resulting exponents of the calculated power laws are close but 
not equal to -0.5. 
 
 
Figure 5-29: Illustration of the best fitting power law on the peaks just before 
crack propagation on the test specimens CET 1, CET 2 and CET 4 
 
There are two options: 
a) fitting equation (5-45) through the first peak, which is the initiation of the 
crack 
b) fitting equation (5-45) through all the peaks except the initial one, which 
correspond to the propagation of the crack 
The results of the power laws when applying the first option (a) in order to obtain 
values for GIc, ini can be found in Figure 5-30. It can be observed that, except for the 
initial peak values, this technique leads to an underestimation of the peak values. For 
higher opening displacement values, the force values for the CET 4 test specimen 
are always below those of CET 1 and CET 2 confirming the hypothesis that closing 
the specimen after each crack jump, the bridging effects are partially eliminated.    
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Figure 5-30: Fitting equation (5-45) through the first peak, corresponding to 
the initiation of the crack 
 
Because of the systematic underestimation of the peak forces, the fitting option (b) 
corresponding to the crack propagation has been applied leading to the results for 
the GIc, prop (Figure 5-31). 
 
 
Figure 5-31: Fitting equation (5-45) through all the peaks except the initial 
peaks, corresponding to the propagation of the crack 
 
The values for GIc, ini and GIc, prop used for the creation of the curves in Figure 5-30 
and Figure 5-31 are summarized in Table 6. 
 
Specimen GIc, ini, [J/m²] GIc, prop, [J/m²] 
CET 1 883 983 
CET 2 830 973 
CET 4 842 928 
Table 6: Overview of the derived values for GIc 
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From the values of the strain energy release rates it is clear that the energy needed 
for  a crack to initiate is lower than for propagation. This is more likely due to the 
fact that more bridging occurs during propagation than during initiation. Since the 
experiment started from a pre-crack instead of from the insert, it is possible that 
some fibre bridging was already present for the crack initiation. 
To further investigate the origin of the saw tooth shape force displacement curve, to 
assess the role of the fabric and to validate the above mentioned values for GIc, test 
specimen CET 3 will be analysed in more detail. Prior to testing, one side of the test 
specimen has been polished and the crack path and growth was monitored on this 
side using a travelling microscope (Figure 5-6(b)). Each crack jump was captured 
and could be compared using successive pictures. It was verified that no stable crack 
propagation occurred in between two teeth of the saw tooth shape force-
displacement curve. Therefore the picture just after a crack jump is still relevant to 
compare with the next jump with respect to the crack tip position.  The load-
displacement curve for the mode I DCB test for test specimen CET 3 is illustrated in 
Figure 5-32. Analytical curves were added on the graph based on equation (5-45) 
with the averaged values GIc, ini, AVER of the GIc, ini values in Table 6 and the averaged 
values GIc, prop, AVER of the GIc, prop values in Table 6. Additionally the minimum GIc, 
ini, MIN value and the maximum GIc, prop, MAX value were added. 
 
 
Figure 5-32: Force-displacement curve for the DCB test on CET 3 used for the 
visual study of the crack growth 
 
By correlating the load-displacement curve given in Figure 5-32 with the pictures 
made by the microscope at equivalent time steps and thus displacements, the 
following remarks can be formulated: 
 the position of the crack tip after a jump is either just before or just after 
two contacting weft (90°) yarns and following events occur: 
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1. The crack propagates along the entire unit cell. It can start either 
before either after a weft yarn, depending on the previous jump. 
This happened at jumps 3-4 and 12-13 in Figure 5-32 
2. The crack propagates in between two subsequent weft yarns and 
can be observed in 5-6 and 16-17 in Figure 5-32 
3. The crack propagates along a single weft yarn which happened at 
7-8 and 10-11(Figure 5-32) 
4. Meta-delaminations can occur, meaning that a crack propagates in 
the fabric above the symmetry plane. This occurred at 7-8 and 10-
11 (Figure 5-32). 
 The crack propagates over a small portion in between two warp yarns as 
can be seen in 6-7, 13-14 and 15-16 (Figure 5-32), where a very small 
increase in force in the load-displacement curve can be noticed. 
 
 
Figure 5-33: Full unit cell crack jump 
Chapter 5  Experimental and analytical study of the delamination 






Figure 5-34: Crack jump between weft yarns 
 
Figure 5-35: Crack jump over one weft yarn 
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Figure 5-36: Meta-delaminations 
 
It was observed that the crack does not show a stable propagation between the warp 
bundles (Figure 5-33), although in some cases a small crack was present, resulting 
from a previous jump. This, however, can be explained by the fact that the weave is 
a 5-harness, meaning that the local geometry seen on the edge is not the same 
throughout the width of the specimen as can be seen in Chapter 2 and Chapter 3, the 
crossing-over point of weft and warp shifts in the pattern.  
Since events 1, 2 and 3 happen at random, it is clear that the crack does not always 
travel the same distance. Moreover, it is very likely that the value of the fracture 
toughness depends on the exact position of the crack tip, explaining the scatter on 
the results in Table 6. Therefore it is advised to use a range instead of exact values in 
the study of fracture toughness, with the most critical values as input for the design 
of parts.  
 
5.3.2 Mode II: Determination of GIIc with a ENF test 
The objective of an End Notch Flexural (ENF) test is to determine the GIIc for an 
interlaminar interface. This test is not a standard yet, but the work item (ASTM 
WK22949) has been initiated in 2009 and still needs further development [8]. In the 
research community, a lot of research has been made on the determination of the 
mode II critical strain energy release GIIc with the following three most popular 
experimental configurations as can be found in Figure 5-37: (i) the End Notch 
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Flexure (ENF) test [20], (ii) the End Loaded Split (ELS) test [21,22] and (iii) the 
4ENF test [23]. The ENF test is the simple three point bending test on a pre-cracked 
test specimen as given in Figure 5-7, whereas the 4ENF is the 4 point bending test 








Figure 5-37: Schematic representation of (i) the ENF, (ii) the ELS and (iii) the 
4ENF mode II tests [24] 
 
A disadvantage of the ENF test method is the possibility of having unstable crack 
propagation. Referring to the work of Carlsson and Gillespie (1989) [22,23], the 
ENF test requires a ratio a/L > 0.7 (Figure 5-37 (i)). The ELS test (Figure 5-37 (ii)) 
requires a more complex test setup relative to the ENF test, but shows an increased 
stability for the crack propagation with a ratio of a/L > 0.5 [23,25]. But both of these 
tests share a common difficulty: it is very difficult to measure the crack length 
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during crack propagation. Several alternative approaches have been developed and 
tested over the years as for example the stabilized ENF (SENF) test [13], the crack 
shear displacement method (CSD) [26] as an extension for the stabilized crack 
propagation of the ENF, or the 4ENF, the four-point end notched flexure test (Figure 
5-37 (iii)). The SENF and CSD require complex test setups and for the 4ENF 
additional friction effects can be observed [24]. As can be noticed it is very difficult 
to develop a standardized method for measuring the fracture toughness GIIc since all 
different tests show complexities. Therefore, due to its simple setup, it was chosen to 
use the ENF test to obtain the GIIc for the different test samples used in this work. 
5.3.2.a Test setup 
All tests have been performed on the same electromechanical Instron 5800R tensile 
machine as in 5.3.1 with a calibrated load cell of 1 kN and the forces and 
displacements were recorded using the Blue Hill software throughout the 
experiment. The three rods, two supporting rods and one load introducing rod, have 
a diameter of 10mm. A positioning device allows adjusting the distance between the 
supporting rods.  
 
 
Figure 5-38: ENF test setup 
5.3.2.b Test specimen 
Since the GF/epoxy material was only to evaluate the mode I DCB standard and 
preliminary tests on CETEX test samples showed repetitive results, the GF/Epoxy 
material was not used in the mode II analyses anymore. The same CETEX material 
as given in 5.3.1 with an initial delamination length as illustrated in Figure 5-37 (i) 
has been tested with the ENF test setup in order to obtain the GIIc, the mode II 
fracture toughness. Table 1 shows an overview of the four test specimens illustrated 
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in this doctoral thesis. Two different geometries are considered in order to catch the 





Half span L, 
 [mm] 




CET 5 11.4 72.5 55 0.5 
CET 6 11.5 72.5 55 0.5 
CET 7 16.1 100.0 70 0.5 
CET 8 16.1 100.0 70 1 
Table 7: Dimensions of the CETEX test specimens (CET 5 - CET 8) 
 
5.3.2.c GIIc of the CETEX (CF/PPS) [(0º,90º)4, (90º,0º)4]s 
A typical load-displacement curve with a stable crack growth can be found in Figure 
5-39. In phase 1 of the curve, the delamination is not growing and the load is 
building up till it reaches a critical value and the crack grows. Phase two has then 
started and a decreasing pattern can be found in the load-displacement curve until 
the crack reaches the central rod. In the last phase 3, the curve shows an increase in 
force, but with a smaller slope than in phase one due to the fact that the sample has 




Figure 5-39: Typical load-displacement curve of a mode II ENF test 
 
Multiple reduction schemes for the calculation of the GIIc were developed through 
the decades [24] and the most commonly developed for the ENF test are shown 
below.  
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Based on the equation (5-39) Williams and Hashemi [12,14] proposed the Corrected 
Beam Theory (CBT) which is almost the same as the one presented for the DCB 
tests but with an additional down scaling factor of 0.42 for   [14,27]: 
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 (5-46) 
 
where GIIc = critical mode II strain energy release rate, [J/m²] 
 B = the width of the specimen, [mm] 
 h = half of the thickness of the specimen, [mm] 
 E11 = longitudinal Young’s modulus, [Pa] 
 P = applied force, [N] 
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Compliance calibration method (CCM) 
From equation (5-39) a cubic relationship between the compliance and the crack 
length a is usually assumed [24]: 
 
        (5-49) 
 
where D and m are constants and GIIc is given by: 
 
     




Compliance based beam method (CBBM) 
The calculation of the GIIc fracture toughness in this work will be done according to 
the compliance based beam method [24]. This method developed by de Moura et al. 
[28] has the following advantages: 
 The method is not depending on a continuous crack length measurement 
during the experiment 
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 The method takes the material degradation just ahead of the crack tip into 
account 
As explained in [28], the strain energy of the ENF test specimen due to bending 
including the shear effects is given by: 
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where Ai is the cross-section area, Pi is the transverse load and ci the half thickness 
of the beam of the i-segment (0 ≤ x ≤ a, a ≤ x ≤ L or L ≤ x ≤ 2L). Considering these 
three segments for x and Figure 5-40 (with x measured from the left support), the 
flexural strain energy Uf can be calculated as follows: 
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Figure 5-40: Loads applied on the ENF test specimen 
 
In the first term of equation (5-54) it is assumed that the delaminated section of the 
beam acts like two independent beams (with moment of inertia = I/8), each carrying 
half of the load acting in the left support of the beam. 
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The second theorem of Castigliano establishes that the first partial derivative of the 
total energy in a structure with respect to the force applied at any point is equal to 







   
  
  




Applying this theorem to the equation (5-54), one obtains following equation for the 
displacement due to the flexural strain energy: 
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with   
    
 
, one obtains: 
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The same work can be done for the shear strain energy Us and one obtains the 
following equation: 
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The flexural modulus Ef can be calculated from equation (5-59) by using the 
compliance C0 and the initial crack length a0.  
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Besides the variability of the material properties between different test specimens, 
the stress concentration near the crack tip as well as the contact between the two 
arms of the test specimen are taken into account. The fracture process zone (FPZ), a 
zone ahead of the crack tip where materials undergo properties degradation due to 
e.g. micro-cracking or inelastic behaviour are taken into account by use of a 
correction in the compliance for the real crack length: 
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Giving for aeq: 
              [
     






     
       
  )   ]




          
  
       
 (5-63) 
 
From equation (5-39) and (5-61) one calculates the fracture toughness GIIc: 
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Post-processing of the test results 
 
Once the mode II ENF test has been performed recording the displacement and the 
force, the following steps are accomplished in order to obtain the GIIc with the 
compliance based beam method: 
1. calculation of the compliance C (= δ/P) 
2. calculation of C0, this is C in the linear part of the curve 
3. calculation of Ef with equation (5-60) 
4. calculation of Ccorr and C0, corr with equation (5-63) 
5. calculation of the equivalent delamination length aeq with equation (5-62) 
6. calculation of GIIc with equation (5-64) 
7. creation of the R-curve, resulting in a “plateau” value which corresponds to 
the GIIc for the propagation of the delamination 
 
This procedure has been applied on the CETEX test specimens (CET 5 – CET 8). 
Although unexpected, considering the unstable crack growth for the double 
cantilever tests, preliminary tests have shown that stable crack growth is achieved 
using this method for the material under study. As these tests showed the expected 
behaviour without inducing a pre-crack, contrary to the DCB tests, no pre-crack is 
considered. Figure 5-41 shows the force-displacement curves of the ENF 
experiments conducted at a speed of 0.5 mm/min, except for CET 8, which has been 
tested at 1 mm/min to assess the influence of the testing speed on the results. For 
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Figure 5-41: Force - displacement curves for the ENF test on test specimens 
CET 5 - CET 8 
 
The curves in Figure 5-41 show the expected shape as given in Figure 5-39 and 
stable crack propagation can be noted with a0/L ≥ 0.7. The test specimens CET 7 and 
CET 8, which are longer, show a significant larger stage of crack propagation. At 
first sight no influence due to the increase of speed can be seen if one compares the 
load-displacement curves of the CET 7 and CET 8 samples. Additionally a high 
reproducibility of the results can be noticed. 
After post-processing these results using the procedure as described above, the R-
curves with GIIc, prop (mode II fracture toughness during propagation) in function of 
the aeq can be created as given in Figure 5-42. 
 
 
Figure 5-42: R-curves - GIIc in function of aeq for the ENF experiments 
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It can be noted that the difference in geometry has a big influence on the shape of 
the plateau, with a more pronounced plateau for the larger test specimens (CET 7 
and CET 8) making the determination of GIIc, prop easier. Since the R-curves are made 
of a high number of data points, the GIIc, prop can also be derived from the 
experimental results of CET 5 and CET 6 by means of a mean value for the central 
data points in the plateau shape.  
In Table 8 the values for the GIIc, prop for test specimens CET 5 – CET 8 are 
summarized for given lower and upper boundary of aeq defining the plateau per test 












   [J/m²] 
Maximum 
GIIc,prop 
   [J/m²] 
Averaged 
GIIc,prop 
   [J/m²] 
CET 5 62 66 3118 3395 3248 
CET 6 62 68 3223 3429 3329 
CET 7 82 96 3379 3465 3412 
CET 8 82 96 3515 3674 3594 
Average     3400 
Table 8: Summary of the GIIc, prop for the test specimens CET 5 - CET 8 
 
It can be remarked that the averaged value for GIIC, prop over all the test specimens 
gives a GIIc, prop avareged = 3400 J/m².  Since all the variables when testing the samples 
CET 5 – CET 8 are the same except the testing speed which was a little bit higher 
for CET 8, the latter is the only explanation for the higher value of GIIc, prop. 
 
GIIc, ini 
A value for the GIIc, ini (initiation mode II fracture toughness) can be obtained by the 
intersection of the R-curves defined in Figure 5-42 with the vertical axis defined by 
x = aeq, ini. aeq, ini is the mean value of aeq in the linear part of the load-displacement 
curve of Figure 5-41 [29]. The different aeq, ini and the results for the GIIc, ini are 
summarized in Table 9 with the intersection given in Figure 5-43. Also here the 
lower value for GIIc, ini of CET 8 could be explained by the higher testing speed. But 
on the other hand, the procedure for the calculation of the GIIc, ini is probably too 
sensitive. As can be seen in Figure 5-43, the R-curves are very steep in the region 
where the intersection with x= aeq, ini has to be defined. A small change in aeq, ini 
results already in a big change in the value of GIIc, ini. Due to this sensitivity, the 
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   [J/m²] 
CET 5 56.55 2230 
CET 6 55.89 2330 
CET 7 69.92 1760 
CET 8 69.80 1565 
Average  1943 
Table 9: Summary of the derived values for GIIc, ini 
  
 
Figure 5-43: Intersection between the R-curves of the different specimens with 
their aeq, ini 
 
Similar to the mode I – DCB tests, a visual analysis was performed on a polished 
side of an ENF test specimen. It was verified that a continuously stable crack 
propagation occurred, contrary to the DCB tests. The visual analysis in this 
manuscript is limited to the presentation of a few images showing the different 
stages in the load-displacement curve as given in Figure 5-41: 
a) Linear part 
b) Crack propagation with a<L 
c) Crack propagation with a>L 
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Figure 5-44: Visual analysis of the different phases in an ENF experiment with 
following stages in the load-displacement curve: (a) linear part, (b) crack 




The analytical solution for the ENF test can be split in the three stages of the load-
displacement curve as defined earlier [30]. The load and displacement can be 
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Displacement and load during crack propagation with a < L: 
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where: GIIc = critical mode II strain energy release rate, [J/m²] 
 B = width of the test sample, [m] 
 h = half of the thickness of the test sample, [m] 
 E11 = longitudinal Young’s modulus, [Pa] 
 P = applied force, [N] 
 a = the crack length, [m] 
 L = half of the span as given in Figure 5-37 (i), [m] 
 
Figure 5-45 shows a comparison between the experimental tests for the CET 7 and 
CET 8 test specimen and the analytically calculated load and displacement curves 
using the minimum experimentally defined GIIc, prop = 3379 J/m² and the maximum 
defined GIIc, prop = 3674 J/m² for test specimen CET 7 and CET 8 (Table 8). It can be 
noticed that the linear part of the analytical curve correlates well with the 
experimentally obtained curves. When the crack is propagating with crack length 
a<L and considering the minimum and maximum value of GIIc, prop, the analytical 
curve envelops the experimental values accurately. The part of the analytical curve 
where the crack propagates with a crack length a>L deviates from the experimental 
curve and can be explained by the fact that when the crack propagates, the 2 
resulting beams may not have equal thickness. This could lead to a difference in 
load and displacement due to the difference in bending stiffness, once the crack 
length exceeds the half span L. When implementing an analytical calculation with a 
difference in thickness, for example the thickness of the top substrate (h1) equal to 
2.35 mm and the substrate at bottom = 2.45 mm, the result approximates the real 
experimental values (Figure 5-45). The research on this parameter will be done 
numerically in the next Chapter 5.  
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In this chapter an introduction was given concerning the linear elastic fracture 
mechanics. The DCB test and its analytical approach were explained and were 
applied on unidirectional glass fibre reinforced epoxy test samples. A procedure was 
developed in order to obtain the GIc, the critical mode I strain energy release rate, for 
the 5H-satin weave  CETEX™ material composite test samples.  
The mode II – ENF test procedure and its analytical derivation were studied and 
experimentally validated on the CETEX™ material. 
 
In the next chapter, research will be made concerning the numerical approaches for 
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Chapter 6  
 
Numerical study of delamination in 
composite materials 
In this chapter an analysis of different techniques for 
the modelling of damage inside composites will be 
described using the material properties obtained 
experimentally as given in previous chapter.  A 
numerical simulation of a double cantilever beam 
(DCB) test, an end notched flexural test (ENF) and a 
mixed-mode bending test (MMB) will be proposed with 
the study of multiple influencing parameters.   
6.1 SCOPE 
In the previous chapter the experimental and analytical techniques for obtaining the 
mode I and mode II critical strain energy release rates were presented.  In this 
chapter the focus will be put on techniques for the simulation of debonding / 
delamination between plies. Those techniques can be implemented on all modelling 
levels, micro-, meso- and macro-scale. Following sections will be covered in this 
work: 
1. Comparative analysis of numerical strategies for the simulation of 
debonding: VCCT, XFEM, cohesive zone methods 
2. Numerical analysis of a mode I DCB (double cantilever beam) test 
3. Numerical analysis of a mode II ENF (end notched flexure) test 
4. Introductory analysis of a mixed mode I/II MMB (mixed mode bending) 
test  
6.2 COMPARATIVE ANALYSIS OF NUMERICAL STRATEGIES FOR 
THE SIMULATION OF DEBONDING: VCCT, XFEM, COHESIVE 
ZONE METHODS 
After a general introduction of the virtual crack closure technique (VCCT), the 
cohesive zone method (CZM) and the extended finite element method (XFEM), a 
more in-depth numerical investigation of a double cantilever beam (DCB) model 
will be presented. Additionally an in-depth analysis of an end notch flexure model 






(ENF) will be analysed numerically. Both, the DCB and ENF simulations will be 
correlated with the experimentally obtained results of Chapter 5. Finally an 
introductory simulation of a mixed mode I/II bending analysis will be presented.  
6.2.1 Virtual Crack Closure Technique – VCCT [1] 
The VCCT is based on the crack closure method or two-step crack closure 
technique. In this method a crack is physically extended or closed, during two 
complete finite element analyses as shown in Figure 6-1. The method is based on the 
assumption that the energy dissipated in the process when the crack is extended 
from a to a + Δa is identical to the work required to close the crack between location 
l and i (see Figure 6-1(a)(b)). Indices 1 and 2 denote the first respectively the second 
step of the calculation. The work required to close the crack along one element side 
(2D four nodal element) can be calculated as: 
 
    
 
 
[               ] (6-1) 
 
where X1l and Z1l are the shear and opening forces at nodal point l to be closed, 
obtained in a first FE analysis, ∆u2l  and ∆w2l are the differences in shear and 
opening nodal displacements at node l, obtained in a second FE analysis where the 






Figure 6-1: Crack closure method (a) First step - crack closed; (b) second step - 
crack extended 






Additionally to the crack closure method, VCCT assumes that a crack extension of 
Δa from a + Δa (node i) to a + 2Δa (node k) does not significantly alter the state at 
the crack tip as shown in Figure 6-2. Therefore, when the crack tip is located at node 
k, the displacements behind the crack tip at node i are approximately equal to the 
displacements behind the crack tip in node l  when the crack tip is located at node i. 
The energy released when the crack is extended from a + Δa to a + 2Δa is identical 
to the work required to close the crack between location i and k. Considering a 2D 
model with four noded elements, the work required to close the crack along one 
element side can be calculated as:  
 
    
 
 
[           ] (6-2) 
 
where Xi and Zi are the shear and opening forces at nodal point i, ∆ul and ∆wl are the 
shear and opening displacements at node l as shown in Figure 6-2.  
 
Figure 6-2: virtual crack closure technique – one step [1] 
 
Therefore, the mode I and mode II of the strain energy release rate can be computed 
for a four nodal element with thickness = 1 as shown in Figure 6-3 as:   
    
    
          
    
 (6-3) 
     
          
    
 (6-4) 
 
where b = width, Δa = the length of the element at the delamination front and bΔa is 
the area which is virtually closed. For all other elements (2D and 3D) the reader is 
referred to [1]. 
 







Figure 6-3: VCCT for a four-nodal element [1] 
 
The approach can be computationally effective when sufficiently refined meshes are 
used, and when all the elements at the crack tip have the same dimensions in the 
crack growth direction. Under these conditions, the energy release rates can be 
obtained from only one analysis. 
 
6.2.2 Extended Finite Element Method (XFEM) [2] 
Another often used methodology for the simulation of crack propagation is the 
extended finite element method (XFEM). The basis of this method can be found in 
literature starting from the fundamentals of the partition of unity finite element 
method by Melenk and Babuska (1996) [3]. This idea of partition of unity was 
transformed into a local partition finite element method, later also called the 
extended finite element method by Belytschko and Black (1999) [4] with a minimal 
remeshing finite element method for crack growth. Moës, Dolbow and Belytschko 
(1999) [5] improved the methodology by constructing an enriched approximation for 
a mesh independent representation of a crack. 
Mathematically, the method can be described as follows. Functions     , each 
corresponding to a node, form a partition of unity if 
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where n is the number of nodes. Finite element shape functions are also partitions of 
unity, since ∑            where       are the shape functions. Using the 
functions, an interpolation of u over a body can be formed by: 
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where   
  are partition of unity functions of order k,    are nodal degrees of 
freedom,     are enhanced nodal degrees of freedom and    is an enhanced basis with 
m terms. The difference between the classical FE methods and the meshless 
methods lays in the choice of the partition of unity functions. In the classical FE 
methods the order of the partition of unity function is the polynomial order of the 
shape function and the enhanced basis is empty. The finite element (FE) 
approximation associated with the mesh of a body is given by: 
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 (6-7) 
where       are the shape functions and qi are the basic nodal degrees of freedom. 
The advantage of XFEM is that it allows the mesh not to match the crack faces 
thanks to the additional terms, in the equation for the approximation of the 
displacement field, which represent the crack opening. This is suitable since only 
one mesh is needed for the different step calculations of a crack propagation 
simulation. The approximation takes the form of: 
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where:  
 the second term represents a discontinuous enrichment of additional 
degrees of freedom and H(x) is the discontinuous, or jump function and is 
equal to -1 on one side of the crack and +1 on the other side of the crack.  
 The last term was added in order to make possible that the crack tip does 
not coincide with an element edge, which is not possible using only the H-
function. This is done by incorporating an enrichment related to the known 
near-tip displacement field using the asymptotic crack tip functions with 
the technique developed in [2], where γl (Branch functions) are nE functions 
that span the near tip field and ckl are additional degrees of freedom. 
 J is the set of nodes which are enriched with the jump function, since they 
belong to elements completely cut by the crack 
 K is the set of nodes enriched with the branch functions, located within a 
distance of re to the crack front  
 The branch functions γl(x) are defined as: 
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where (r, θ) are the polar coordinates at the crack tip. 
A simple simulation in Abaqus on a steel sample showed that the mesh dependency 
is very high for the extended finite element method. The method implemented in 
Abaqus is not a “complete” XFEM since it does not allow a crack tip inside a finite 
element mesh element, which of course leads to a bigger mesh dependency. Another 






drawback of using this method is that it only fits for isotropic materials since there is 
no orthotropic enrichment method in Abaqus, whereas in this work research was 
made on composite materials.   
 
6.2.3 Cohesive Zone Method (CZM) 
As described in Chapter 5 (section 5.2), the initial LEFM approaches from Inglis to 
Westergaard and Griffith lead to infinite stresses at the crack tip of a perfectly sharp 
crack. This, of course, is non-physical since it would mean that the materials would 
have zero strength. Barenblatt (1959) [6] and Dugdale (1960) [7] developed a 
concept avoiding this infinity at the crack tip. Barenblatt proposed a cohesive zone 
model to brittle fracture with a molecular force of cohesion acting near the edge of 
the crack’s surface based on three assumptions (Figure 6-4): 
 The area of the part of the crack surface acted upon by the forces of 
cohesion can be considered as negligibly small compared to the entire area 
of the crack surface. 
 The form of the crack surface near the edges, at which the forces of 
cohesion have the maximum intensity, does not depend on the applied load. 
 The stress at the end of the crack is finite. 
In the region d (Figure 6-4(a)) the opposite sides of the crack come close to each 
other and very large forces are attracting one side to the other. The intensity of the 
attracting force acting in the material depends on the distance between the atomic 
planes, starting from a normal interatomic distance (y = b in Figure 6-4 (b)) where 
the intensity is equal to zero growing up to a maximum force (fm) equal to an order 
of magnitude of the Young’s modulus at a critical distance y.  With the assumptions 
given above it means that the ends in all cracks are always the same under given 
conditions and the cohesive forces only depend on the distribution of the opposite 





Figure 6-4: (a) inner region of the crack surface (1) with acting force and the 
outer region of the crack surface; (b) Variation of the cohesive force vs. the 
interatomic distance of the atomic planes [6] 
 






According to the second hypothesis, the distribution of forces of cohesion and the 
width d (Figure 6-4 (a)) of the edge of the region at these points of contour, where 
the intensity of forces of cohesion is a maximum, do not depend on the applied load 
leading to the modulus of cohesion K [6]: 
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Where G(t) is the distribution of forces of cohesion different from zero only in the 
edge region      . K characterizes the resistance of the material to an extension 
of its cracks caused by the action of forces of cohesion. Barenblath [6] defined a 
relationship between K and the surface tension T0 and the elastic constants of the 
material E and ν by: 
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Independently Dugdale (1960) [7] developed the concept of the cohesive stress for 
ductile metals. He analysed the plastic zone size in a slit (Figure 6-5) for plates 
under tension and defined a relationship between the yield stress Y in the cohesive 
zone, the length of the yielding zone s, the theoretical crack length a and the applied 












Figure 6-5: Geometry of a slit with the stress acting on the slit [7]  
 
Finally, Hillerborg presented the introduction of the CZM in a finite element model 
in [8] leading to the use of the cohesive zone method in finite element calculations 
as we know it nowadays. 
 
The cohesive zone method can be summarized as follows [9,10]: all the inelastic 
effects that occur at the vicinity of a crack can be concentrated into a surface namely 






the cohesive damage zone. Based on the concept of continuum modelling, the 
interfacial damage mechanics takes into account the irreversible damage consistent 
with the laws of thermodynamics. The advantage over the continuum modelling is 
the ability of the technique to allow two or more material points to coexist in the 
same location of the undeformed body. A difference between the two techniques is 
the formulation: the continuum model formulates the work conjugacy based on the 
stresses and strains, whereas tractions τj and displacement jumps δ are used to 
calculate the work conjugacy in the interfacial damage mechanics. Damage initiation 
is related to the interfacial strength τ0. When the area under the traction - 
displacement jump relation is equal to the fracture toughness Gc, the traction is 
reduced to zero and new crack surfaces are created. The new crack surfaces are 
completely formed when the displacement jump is equal to or greater than the final 
displacement jump δf. In other words, the energy dissipated at the crack propagation 
must be equal to the fracture toughness and following relation must be fulfilled: 
 





Through the years several traction-separation softening laws have been developed as 
those given by Barenblatt and Dugdale for example [11]: 
 Needleman developed a phenomenological model to predict the normal 
separation using a polynomial fit (1987) [12] (Figure 6-6(a)) and an 





Figure 6-6: Needleman’s polynomial (a) [12]  and exponential (b) [13] fit of the 
traction separation law 
 
 Tvergaard and Hutchinson (1992) [14] proposed a trapezoidal traction 
separation law to determine the crack growth resistance: 







Figure 6-7: Traction separation law for the fracture process [14] 
 
 Xu and Needleman (1993) [15] and (1994) [16] used the models of 
Needleman to study the void nucleation at the interface between the particle 
and matrix, and the dynamic fracture growth at the bi-material interfaces 
predicting shear and normal separation. 
 Camacho and Ortiz (1996) [17] used a linear cohesive zone method with 
tensile (Figure 6-8 (a)) and shear (Figure 6-8(b)) cohesive relation to 
simulate multiple cracks under impact damage in brittle materials 





Figure 6-8: Tensile (a) and shear (b) cohesive relation [17] 
 
 Geubelle and Baylor (1998) [18] used a bilinear traction-separation law to 
simulate the crack initiation and propagation of transverse matrix cracks 
and delamination fronts in thin composite plates under low-velocity impact. 
  
(a) (b) 
Figure 6-9: Bilinear traction separation law under pure tension (a) and under 
pure shear (b) [18] 






In this work the attention is given to the bilinear softening equation (Figure 6-10). 
 
Figure 6-10: Bilinear cohesive traction separation law [10] 
 
The cohesive zone model with the boundary value problem, the kinematics and 
constitutive relations for the formulation of the model for the delamination initiation 
and propagation are nicely presented by Turon and Camanho (2006) in [10]. A 
summary of the principles of the cohesive element will be shown hereafter. 
 
The cohesive traction-separation relation of the cohesive damage model is given by: 
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 (6-14) 
 
where   
  
   
, is the ratio of the energy dissipated during the damage process over 
the critical strain energy release rate. The start of the degradation of the response 
begins when the stress or strain reaches a certain chosen damage initiation criterion. 
In this work it was chosen to work with the quadratic nominal stress criterion: 
(
〈  〉













   (6-15) 
where the 〈 〉 are Macaulay brackets representing the ramp function and τn, τs and τt 
represent the nominal stresses in the normal, sliding and tear directions. 
The value of the penalty stiffness K (Figure 6-10) can be obtained by dividing the 
effective stiffness by the thickness of the cohesive zone K = Eeff / t. Since the 
bilinear traction separation represents a triangle and with equation (6-13) one can 
calculate the final displacement jumps for each mode with their corresponding 
fracture toughness for each component as: 
 
   
  
    
   
 for mode I 
(6-16)   
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  for mode III 
The damage activation function is defined as: 
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where 
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  } (6-18) 
 
The constitutive model prevents interpenetration of the faces of the crack during 
closing, and a fracture mechanics based criterion is used to predict crack 
propagation. The equivalent displacement jump norm λ is used to compare different 
stages of the displacement jump state and is defined as: 
 
  √〈  〉            with        √            (6-19) 
 
For the mixed mode loading, damage could occur before any of the traction 
components reach their respective threshold. As shown previously, one can find 
different damage evolution criterions but the one considered in this work is the 
Benzeggagh-Kenane (BK) [19] criterion based on strain energy release rates: 
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where G = GI + Gshear is the strain energy release rate under mixed-mode loading; 
Gshear = GII + GIII is the strain energy release rate for shear loading and GT = GI + GII 
+ GIII. η is a material parameter. 
 
For the B-K criterion the mixed-mode displacement jump for damage initiation is: 
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and the final displacement jump is: 
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with the local mixed-mode ratio   
      
         
 
        
 
  
 and η is the mixed-mode 
interaction parameter. The state of the damage variable d is function of the current 




        
        
 (6-23) 
 
Finally the tractions can be found using: 
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where the Krönecker   ̅ with (i= n, t and s) is used to prevent the interpenetration of 
the surfaces of a damaged element when contact occurs. 
The loading function may be defined as: 
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  } (6-25) 
 
 
6.3 NUMERICAL SIMULATION OF A MODE I DCB TEST 
A study on the numerical approaches for the simulation of a mode I DCB test 
(Figure 6-11) will be shown using the cohesive zone method (CZM) and the VCCT 
method. Different aspects influencing the numerical results will be studied in a 
parametric study concerning the CZM like: mesh size, type of FE elements, 
stabilization method… The FE results of a second numerical model representing the 
experimental DCB test on a CETEX material test sample as defined in Chapter 5 
will be compared to the experimental and analytical results.  
 
 
Figure 6-11: Mode I - DCB model 
6.3.1 Parametric study 
First, the FE results of a numerical model with the same material properties as given 
in [20] are discussed in section 6.3.1.a. The simulations are compared with the 






analytical model and its results. A lot of research has been accomplished on this 
topic [9,20,21,22,23] and many papers are related to the simulation of delaminations 
in a double cantilever beam test. But in many cases not all the different parameters 
are given in order to reproduce the same simulations using the same models and 
material parameters. Therefore, in following sections research has been done on all 
the different parameters having an impact on the finite element results, including the 
load-displacement curves. When creating a numerical model of a DCB test different 
questions may arise: 
 What is the best method to model a DCB test integrating crack initiation 
and propagation, the CZM or the VCCT method? 
 Does one have to create a 2D or 3D model? 
 What type of element and what mesh size is the most suitable for a damage 
propagation analysis? 
 How do we have to integrate the damage stabilization and what scheme 
produces the best results? 
 
6.3.1.a Material properties 
The material properties of the simulated test specimen, which is a unidirectional 











ν12= ν13 ν23 
120.0 10.5  5.25  3.48  0.3 0.5 
Damage related parameters 
  
 , [MPa] GIC, [N/mm] K, [N/mm³]    
15  0.26  1e6     
Table 1: Material properties of a CF reinforced Epoxy 
 
where E11 = Longitudinal Young’s modulus, [GPa] 
 E22 ; E33 = Young’s modulus in transverse directions, [GPa] 
 Gij i=1,2,3 and j =1,2,3  = Shear moduli in different directions, [GPa] 
 νij i=1,2,3 and j =1,2,3 = Poisson coefficients 
   
  = strength at failure initiation in normal direction,  [MPa] 
 GIc = mode I critical strain energy release rate, [N/mm]  
 K = Penalty stiffness, [N/mm³] 
 
When using the CZM, the bilinear cohesive traction separation law (Figure 6-10) 
was used in order to simulate the damage initiation and evolution with the different 
parameters such as initiation stress, fracture toughness and penalty stiffness. An 






energy based damage evolution was used, and from equation (6-13) the 
displacement jump at failure   
  can be easily calculated with equation (6-16). 
Additionally, the virtual crack closure technique was applied on the model as 
described above and compared with the cohesive zone method (cohesive elements 
and cohesive behaviour). 
 
6.3.1.b Geometry and boundary conditions 
The dimensions of the model studied here can be found in Figure 6-12 with a pre-
crack a0 = 40mm. The same geometry has been used for both the 3D model using 
shell and solid elements. In order to simulate the motion of the hinges, the 
displacement has been introduced as given in Figure 6-12, where the sections 
representing the contact with the hinges are allowed to rotate and translate as it is in 
real life experiments.  
 
 
Figure 6-12: Geometrical dimensions of the DCB model used for the 
parametrical study 
 
The load-displacement curves resulting from two numerical models will be 
compared to each other and to the analytical results calculated with the analytical 
solution for a DCB proposed in Chapter 5. The FE results were obtained taking into 
account the material properties given above and the geometrical properties as can be 
found in Figure 6-12 with following models: 
 a 2D model with different types of elements and mesh densities and a mesh 
convergence was performed 
 a 3D model with different mesh densities and types of elements like for 
example shell elements and solid brick elements 
An example of the results for a 2D and 3D model can be found in Figure 6-13. The 
delamination initiation and propagation are simulated by inserting a layer of 
cohesive elements in between the two substrates of the DCB test specimen. The 






different parameters impacting the results of numerical simulation of a DCB test will 
be proposed in following sections such as: 
1. Stabilization method 
2. Mesh 
3. Damage simulation method (cohesive elements, cohesive behaviour, 
VCCT) 
4. Output frequency of the data 
5. Models (2D, 3D, shell, solid) 
 
 
Figure 6-13: Example of load-displacement curves for a DCB test obtained with 
2D and 3D numerical models and with the analytical solution 
6.3.1.c Stabilization method 
In a finite element calculation a linear implicit analysis solves the linear part of the 
equation of motion: 
[ ]{ }  { } (6-26) 
where [K] is the stiffness matrix, {u} is the displacement vector and {F} is the force 
vector. In this equation time does not play any role. Basically the objective of the 
solver is to find a solution for the load-displacement curve by solving a single 
system of linear equations. The standard implicit solver tries to calculate the 
equilibrium of the forces of the quasi-static analysis in all nodes as: 
          (6-27) 
where Fex are the external forces and Fin are the internal forces resulting from the 
stress acting in the finite elements. This means that the internal forces and external 
forces will not be in equilibrium unless the stiffness is for the given step. However a 
non-linear analysis, like the simulation of a DCB test is, will generate convergence 
errors not leading to any results. Such non-linearities can be specified as: 






1. Geometric non-linearities: induced by the effect of large displacements on 
the geometric configuration of the structure. 
2. Material non-linearities where the material behaviour is non-linear as for 
example in: visco-elastic, visco-plastic, elasto-plastic materials 
3. Boundary non-linearities like for example displacement dependent 
boundary conditions where contact problems are the best example. 
Therefore a non-linear analysis is approached by specifying the load as function of 
time and it is incremented in order to obtain the non-linear response by correcting 
the displacements. Abaqus™ segments the simulation into a number of time 
increments and searches for an acceptable solution for the equilibrium of forces at 
each time increment by using a Newton iteration to minimize the residual force 
vector: 
             (6-28) 
Expanding this residual as a Taylor series about the current displacement u gives: 
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(6-29) 
 
where m is the iteration variable. By solving equation (6-29) to       the following 
correction is obtained for the displacement at a certain iteration step: 
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  ]   (6-30) 
 
It could take several iteration steps for the norm of the residual |       | to be 
below a given tolerance. All the simulations in this Chapter were accomplished 
using the standard implicit solver of the Abaqus™ software.  A second check is 
made by the Abaqus™ [24] solver in order to accept the solution for the 
displacements: the obtained displacement correction       shall not be higher than 
a fraction of the incremental displacement. Since the simulation of a DCB test is 
highly non-linear once a delamination initiates and grows, the default increment 
scheme of the implicit solver will not be able to lead to a converged solution for the 
displacements and forces. Therefore, in order to stabilize unstable quasi-static 
problems like the DCB test simulation, the software provides following different 
mechanisms for the stabilization of the problem and used in this manuscript: 
 Viscous regularization of the cohesive zone 
 Automatic stabilization method 
Basically both techniques will integrate a dashpot in the system in order to stabilize 
the unstable increments and thus stabilizing the dynamic effects due to the 
delamination of the substrates of the double cantilever beam. One big difference 
between both techniques is the fact that the viscous regularization is applied on an 
element set, whereas automatic stabilization is applied on the whole model.  






The viscous regularization allows the stresses to be outside the limits of the traction 
separation law by using the viscous degradation variable Dv defined by the evolution 
equation:  
  ̇  
 
 
        (6-31) 
where μ is the relaxation time of the viscous system and D is the stiffness 
degradation variable of the inviscid system [25]. The solution of the viscous system 
relaxes to that of the inviscid system as t/μ →∞ where t = time.  
On the other hand the automatic stabilization adds volume proportional damping to 
the model. The stabilization can be handled by using a constant, user chosen  
damping factor inducing viscous forces into the equilibrium equation (6-27) as: 
 
             (6-32) 
with 
     
   (6-33) 
where M
*
 = an artificial mass matrix with a unity density, c is the damping factor, v 
= ∆u/∆t is the vector of nodal velocities and ∆t is the time increment. By using an 
adaptive damping factor, the software ensures that the ratio of the stabilization 
energy over the total strain energy does not exceed a user chosen accuracy tolerance. 
Often in literature the influence of these stabilization factors are omitted. In Figure 
6-14 load-displacement curves are shown for varying damping factors of the viscous 
regularization method and for the automatic stabilization method. The 3D model 
consists of 6080 shell elements (S4) and 2520 cohesive elements (COH3D8) and 
with the material properties as given above, a stress based damage initiation was 
chosen with an energy based damage evolution method.  
 
 
Figure 6-14: Effect of the stabilization on the load-displacement curve of a DCB 
test simulation 






As can be seen in Figure 6-14, once the viscous regularization factor is sufficiently 
small (<1e-7) the load-displacement curves are overlapping and converging, but 
from a certain order of magnitude (1e-6) it leads to inaccurate results. Therefore it is 
important to perform a convergence analysis for the viscous regularization factor. 
After each simulation an analysis of the dissipated energy over the total strain 
energy has to be made and this ratio has to remain under a tolerance (<1%). The 
different dissipated energy ratio’s and additionally the corresponding wall clock 
times needed for the calculation of the simulations can be found in Table 2. As can 
be seen the energy of the most accurate results with damping factors from 1e-7 to 
1e-9 and the automatic stabilization lead to dissipated energy ratio’s lower than 1% 
but for these models the needed calculation time increases drastically. The highest 
value for the calculation times is obtained for the automatic stabilization method 
which is as expected since the damping is applied to the entire model whereas by 
using the viscous regularization method, the damping is only applied to the selected 
element set. Therefore, for bigger simulations the viscous regularization method 
would lead to smaller calculation times, but a convergence study needs to be 
performed and therefore the automatic stabilization method could be as fast or faster. 
A hybrid methodology could be used, a script can be written in which initially the 
automatic stabilization method is used and after the first increment has been 
calculated, an estimation of the stabilization damping factor is obtained. If one 
reduces this obtained value by factor 10, a good estimation of the viscous 
regularization factor could be obtained. For example, the initial damping factor for 
this given model using the automatic stabilization method is 6.46e-7. So a good 
estimation for the viscous damping regularization factor would be 6.46e-8.  
 
 Wall Clock Time, [s] Maximum Energy Ratio, [%] 
Visc Reg: 1e -9 1298 0.002 
Visc Reg: 1e -8 800 0.002 
Visc Reg: 1e -7 855 0.056 
Visc Reg: 1e -6 330 2.882 
Visc Reg: 1e -5 184 4.691 
Visc Reg: 1e -4 62 6.524 
Automatic stabilization 1367 0.484 
Table 2: Maximum dissipated energy ratio's and wall clock times for different 
viscous regularization factors 
6.3.1.d  Output frequency of the results 
When describing the test method and test setup used in experimental studies, the 
researchers are expected to specify at which sample rate the data are captured and 
extracted. However when numerical simulations are described (except for linear 
elastic calculations) this specification is mostly not implemented in the manuscripts. 
In Figure 6-15, the effect of different output frequencies on the load displacement 






curves are shown and it can be notified that the maximum force as well as the 
displacement at which the non-linearity initiates can vary.  The model used for the 
calculations here is the same as the one used with automatic stabilization as 
proposed in previous section. Only the top of the load-displacement graph is shown 
(see scale of the x and y axis). The output at every n increment is the default output. 
 
 
Figure 6-15: Effect of the output frequency on the load-displacement curve of a 
DCB test simulation 
6.3.1.e Models 
When a numerical simulation has to be made, the engineers will try to approach the 
reality as closely as possible through the finite element results. A first important 
choice has to be made, viz. the type of model representing the part under the load 
conditions as defined in the experimental setup or under real loading conditions. 
This model in most cases has to be accurate and computational efficient. In this 
work three different models representing the DCB test were studied and compared: 
1. A 3D model consisting of shell elements 
2. A 3D model consisting of solid brick elements 
3. A 2D model 
For these three models different finite element mesh types were used like: linear 
shell elements, quadratic shell elements, linear solid elements and linear plane stress 
element. The impact of the different mesh types and sizes will be presented in the 
next section 6.3.1.f.  
In Figure 6-17 the load-displacement results of both the 3D models and the 2D 
model are shown. The 3D solid model consists of 34600 linear hexahedral elements 
for the substrates and 2400 cohesive elements for a total amount of 55668 nodes. 
Each substrate has 4 elements through the thickness. The 3D shell model is the same 






as the one used in the previous sections (6.3.1.cand 6.3.1.d) and consists of 6080 
shell elements (S4) and 2520 cohesive elements (COH3D8). The 2D model was 
built up with 7970 linear quadrilateral elements (CPS4I) with 800 cohesive elements 
linking both substrates (Figure 6-16). The CPS4I element in Abaqus is an 
incompatible mode first order element adding incompatible deformation modes 
internally to the element avoiding the element being too stiff (due to shear stresses) 
in bending. A good correlation between the three models is achieved, but of course 
the calculation times, depending on the mesh size, increase from 2D to 3D shell to 







Figure 6-16: 2D model (a), a 3D shell model (b) and a 3D solid model (c) 
 
 
Figure 6-17: Load-displacement curve for a 2D, a 3D shell and a 3D solid model 
 
Beside the fact that one has to choose an adequate model, there are different 
techniques for the simulation of delamination in finite elements simulations as 






explained in section 6.2. The method used till now was the cohesive zone method by 
implementing a layer of cohesive elements in between the substrates of the DCB test 
sample. Another method that can be used is the cohesive behaviour or cohesive 
surface method. The principle is the same as for the cohesive elements, in both 
methods one uses a traction separation law for implementing the degradation and 
material softening during the delaminations. But the difference is the 
implementation into the finite element models. The cohesive elements are integrated 
and have nodes in which the displacements are calculated and integration points in 
which the stresses are related [9]. They can be used as an interface between two 
substrates with or without a physical thickness (with or without a zero thickness). 
Therefore the macroscopic material properties can be fitted to the traction separation 
law. On the contrary the cohesive behaviour is primarily intended for zero thickness 
interfaces or sticky surfaces. In the case of a DCB test, a zero thickness interface is 
considered and this method can be used. The advantage of the cohesive surface is 
the simplicity of the integration since it is an interaction property between two 
surfaces. A drawback of this method however is the fact that it is based on master-
slave surface interaction and therefore the results will be driven by the master part of 
the interaction. A third methodology shown in this section is the VCCT (see 6.2.1). 
The VCCT method is a good method if a simulation of a delamination has to be 
done on a model in which an original crack exists. In most cases however, one wants 
to be able to predict where a crack will initiate and propagate and not only the latter. 
The load-displacement curves shown in Figure 6-18 resulting from the DCB test FE 
simulation (with 3D shell models) show a good correlation between the three 
techniques with a small deviation for the VCCT. But in further analysis it was 
chosen to continue with cohesive elements due to the drawbacks of the other 
methods as explained above.    The oscillations in the results are due to the 




Figure 6-18: Load displacement curves of the cohesive elements technique, the 
cohesive surface technique and the VCCT 
 






The typical load-displacement curve obtained with a 3D model using cohesive 
elements in between the substrates, with position of the cohesive zone and equal 
position on the curve can be found in Figure 6-19. 
 
 
Figure 6-19: Typical load-displacement curve obtained with the CZM showing 
the position on the curve and location of the crack propagation 
6.3.1.f Mesh 
Another important parameter to study when dealing with damage simulations is the 
impact of the finite element mesh on the results. Effects of the mesh size of the finite 
element model including the cohesive elements can be found in different literature 
as for example in [26]. But it will be shown that it is more the combination of all the 
different parameters that have an impact on the results instead of the parameters 
individually. All the different models trying to predict the length of the cohesive 
zone have the form [26]: 
 
          
  
     
 (6-34) 
 
where E = Young’s modulus 
    = maximum interfacial strength 
      = Parameter depending on the cohesive zone model 
 Gc = critical strain energy release rate  
 
Dugdale and Barenblatt (see section 6.2) estimated the cohesive length of the 
fracture process zone (FPZ) for an elastic-plastic solid and a brittle material 
respectively. Others like Hui et al., Irwin, Rice and Falk, Hilleborg et al. [26] 
obtained for different materials similar expressions with a different MFPZ (varying 






from 0.21 to 1) and these expressions were generalized in equation (6-34) by 
Camanho and Turon [26]. For slender substrates with constitutive models having 
non-zero tractions when the displacement jump is zero, the characteristic length can 
be calculated as [27]: 
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      (6-35) 
 
The number of elements in the FPZ can be calculated as: 
 
   
    
  
  (6-36) 
 
where le is the length of a finite element of a mesh in the direction of the crack 
propagation. In literature [26,28] one can find a lot of different minimum lengths of 
the cohesive element mesh needed in the fracture process zone, going from 2 to 
more than 10 elements in the cohesive zone. However it is not always that obvious, 
since it is the combination of the different parameters which result in an accurate set 
of FE results. Let us consider the DCB problem, the influence of the length of the 
cohesive elements as well as the influence of the length of the continuum mesh will 
be analysed. Considering the material properties given in Table 1, and considering 
both equations (6-34) and (6-35) one calculates the minimum length of the cohesive 
zone as given in Table 3: 
 
General 
τ0, [MPa] Ne lFPZ, [mm] le, [mm] MFPZ 
15 4 10.72 2.68 0.88 
60 4 0.67 0.17 0.88 
Slender 
τ0, [MPa] Ne lFPZ, [mm] le, [mm] MFPZ 
15 4 2.59 0.65 0.88 
60 4 1.30 0.32 0.88 
Table 3: Length of the cohesive zone and cohesive elements in the FPZ 
 
The most used values for MFPZ are the ones described by Rice and Falk (MFPZ = 
0.88) and Hilleborg et al. (MFPZ = 1) [10]. Table 3 shows that with MFPZ = 0.88 and a 
strength τ0 of 15MPa a cohesive zone length of 10.72 mm would be obtained using 
the general method leading to a cohesive element length le of 2.7 mm (when using 4 
elements in the FPZ). For the same strength and the same number of elements in the 
FPZ (Ne = 4) but by applying the equation for slender bodies (equation (6-35)) one 
obtains a cohesive element mesh length le of 0.65 mm.   
 







In order to study the effect of the mesh refinement of the cohesive elements, several 
simulations were produced for different mesh sizes of the cohesive elements and 
with constant mesh for the substrates of the DCB model. Figure 6-20 and Figure 
6-21 show the load-displacement results for the 2D numerical model consisting of 
9170 mesh elements (with an element length of 0.15 mm in the FPZ) for the 
substrates with increasing number of cohesive elements as can be found in the 
figure. The numerical models were calculated without and with viscous 
regularization  (= VIS in the names of the curves)(6.3.1.c) in order to show the 
importance of the stabilization in Figure 6-20 and Figure 6-21 respectively. It can be 
noticed that for the models without stabilization the well-known error occurred 
(“Too many attempts for this increment”) proving that stabilization is needed. 
However the model with a fine mesh length of 0.25 mm already shows an accurate 
solution compared to the analytical solution. But the model with a mesh length of 1 
mm did not give any error with also a good correlation regarding the elastic part and 
the propagation part of the graph, but not capturing the correct force during the 
initiation of the crack. Therefore it is important to check the results in an adequate 
manner, since if one only would base on the energies and have an automatic 
optimization by fitting the FE results on the analytical solution, an error of around 
15% on the maximum force would not have been seen. From a cohesive element 
length of 0.65 mm the results are getting very close to the analytical solution and the 
finer the mesh, the smoother the load-displacement curve. The elastic part of the 
curve shows some deviation when compared to the analytical, but this can be 
improved by changing the strength parameter (see section 6.3.1.g). One can see that 
a mesh size corresponding to the size predicted by the slender body equation (6-35) 
shows already good correlation by using 4 elements in the FPZ, but a smooth result 
is obtained with finer meshes.  However when applying a high output frequency and 
thus inducing small time increments for the calculation of the numerical results, the 
load-displacement curve of the model using 1 mm cohesive elements gives a good 
correlation with the analytical results (see model “2D – 1 mm Coh mesh – VIS – 
Output = 0.001” in Figure 6-21). This means that a good combination of parameters 
is important. By increasing the strength τ0, the size of the cohesive element will 
decrease quite drastically leading to very fine meshes and high calculation times (see 
section 6.3.1.g).  
   







Figure 6-20: Cohesive mesh size influence on the load-displacement results 
without stabilization – τ0 = 15MPa 
 
 
Figure 6-21: Cohesive mesh size influence on the load-displacement results with 
stabilization – τ0 = 15MPa 
 
When keeping the cohesive element length constant and with mesh refinement of the 
mesh of the substrates, one obtains the load-displacement solutions as given in 
Figure 6-22. As can be seen the mesh has an influence on the stability of the 
calculation. It can be seen that it is recommended to have smaller cohesive element 
lengths compared to the “regular” mesh, since instabilities can occur (see model B in 
Figure 6-22). But when the substrates’ mesh is too big (e.g. > 1mm), the simulation 
results diverge when keeping the stabilization identical to lower mesh sizes.   
 







Figure 6-22: Mesh influence of the substrates with constant cohesive mesh 
length 
 
In Figure 6-23 the load-displacement curves are shown for different cohesive and 
regular mesh elements combinations. For a model consisting of exactly the same 
mesh for both the cohesive elements mesh and the mesh of the substrates, the 
stabilization factor had to be refined (from 1e-7 (model A) to 1e-8 (model B)) in 
order to obtain a representative load-displacement curve. After a displacement of 3.8 
mm for model A the solution of the calculation was diverging and stopped. The 
same happened for model B, but at a displacement of 6 mm. Model D and E show 
the influence of having multiple elements through the thickness, with only one 
element per substrate for model D and four elements in the thickness direction for 
model E. One can conclude that for different meshes, it is important to check the 
results, the load-displacement curves and the energies in the model. Obtaining 
converged solutions is not a guarantee for having accurate results, and multiple 
parameters influence this, like the mesh density in the longitudinal direction as well 
as through the thickness, the corresponding mesh nodes between the cohesive 
elements and the regular mesh. But also the combinations between different 
parameters like the mesh and stabilization.  
 











In a simulation of a realistic part or assembly, mostly 3D models will have to be 
calculated. Therefore some mesh influence analysis was performed on a 3D shell 
and a 3D solid model. In Table 4 the different 3D models used for the modelling of 
the DCB are presented. Additionally the load-displacement curves for the cohesive 
behaviour technique are given for two mesh lengths in longitudinal direction. All the 
3D models were calculated using the automatic stabilization method with an output 
of the required parameters at each time increment. Three models (Quad Solid 1, 2 
and 3 in the ID column of Table 4) were built with quadratic elements based on the 
same mesh as the equivalent linear element models (Linear Solid 1, 2 and 3). 
 
 




number of el. 
through the 
thickness
S4 1 3460 0.5 1
COH3D8 1 1200 0.5 1
S4 1 6920 0.5 1
COH3D8 1 2400 0.5 1
S4 1 6920 0.25 1
COH3D8 1 2400 0.25 1
S8 2 1730 1 1
COH3D8 1 1200 0.5 1
S8 2 3460 0.5 1


















Table 4: Mesh properties for multiple shell and solid element models with (a) 
cohesive elements and (b) cohesive behaviour 
 
The *-sign describing the length in the longitudinal direction for models “Quad 
Solid 4” and “Quad Solid 5” mean that the mesh was created with a concentration of 
a fine mesh (0.25mm) in the part where the crack propagates and with a coarser 
mesh outside this zone (Figure 6-24). 
 
 
Figure 6-24: Fine mesh concentration in the crack propagation zone and a 
coarser mesh outside of this zone 
 
C3D8 1 3460 1 4
COH3D8 1 1200 0.5 1
C3D8 1 6920 0.5 4
COH3D8 1 1200 0.5 1
C3D8 1 13840 0.25 4
COH3D8 1 2400 0.25 1
C3D8 1 17300 0.5 10
COH3D8 1 1200 0.5 1
C3D8 1 34600 0.25 10
COH3D8 1 2400 0.25 1
C3D20 2 3460 1 4
COH3D8 1 1200 0.5 1
C3D20 2 6920 0.5 4
COH3D8 1 1200 0.5 1
C3D20 2 13840 0.25 4
COH3D8 1 2400 0.25 1
C3D20 2 20232 0.25* 4
COH3D8 1 2400 0.25 1
C3D20 2 40464 0.25* 8












ID Length in longitudinal dir, [mm]
Linear Shell Coh Beh 1 0.25
Linear Shell Coh Beh 2 0.5
Cohesive behaviour






In Figure 6-25 the results of the load-displacement curves obtained during a mesh 
convergence analysis are shown. Since linear solid elements do not have rotational 
degrees of freedom, the curve obtained with model E (see Figure 6-25), consisting 
of 10 elements through the thickness, approaches more accurately the analytical 
prediction than model A consisting of 2 elements through the thickness as expected 
(Figure 6-26). This is logic since the more elements through the thickness, the better 
the rotations of the substrates can be captured. 
 
 






Figure 6-26: Solid mesh with (a) 10 elements through the thickness and (b) 2 
elements through the thickness 







When comparing the linear solid element numerical models to their quadratic 
equivalent, meaning an additional number of degrees of freedom, and thus a more 
accurate approach of the reality, it is obvious that a sufficient amount of degrees of 
freedom through the thickness will lead to more precise results. Of course the time 




Figure 6-27: Mesh convergence results for the quadratic solid elements with 
comparison with the equivalent linear element models 
 
In Figure 6-28 one studies the accuracy of the results due to the increasing number 
of degrees of freedom in the thickness direction allowing a smooth bending of the 
individual substrates of the DCB test model. If the number of elements is too low, 
the bending will not be represented ideally and the bending stiffness will be 
overestimated. This overestimation will be cumulated and for higher displacements 
the numerical load-displacement results will tend to diverge from the analytically 
predicted values. Of course it is the number of degrees of freedom which is 
important, since for a fine mesh (10 elements) with linear elements through the 
thickness equivalent results will be obtained with a coarser mesh but with higher 
order elements. This can be noticed in Figure 6-28 by comparing model F (“Linear 
Solid 5”) which consists of 10 elements through the thickness and model D (“Quad 
Solid 4) with 4 elements through the thickness. Ideally a convergence test has to be 
performed in order to reduce the mesh effects on the results.  
 
 







Figure 6-28: Effect of the number of elements on the accuracy of the results 
 
The same analysis can be made for the 3D shell model with linear and quadratic 
elements. In Table 4 (a) one can see that models “Linear Shell 2” and “Linear Shell 
3” are built up with the same amount of finite element mesh elements, but the 
elements of model “Linear Shell 2” are bigger than for model “Linear Shell 3”. This 
is because model “Linear Shell 2” has more elements in the width direction 
compared to the other model. Basically the same conclusions can be made as for the 
solid brick elements concerning the number of degrees of freedom leading to more 
accurate results.  
 
 
Figure 6-29: Mesh convergence results for the shell elements 
 







If a closer look is taken at Figure 6-21 one notices the difference between the 
analytically calculated peak force and the simulated peak force. A parameter which 
can influence this, is the maximum strength chosen in the traction-separation law τ0. 
The influence of this strength on the load-displacement curves, keeping all other 
parameters unchanged, can be found in Figure 6-30. The linear elastic part of the 
curve becomes stiffer and the force at crack initiation increases with the increasing 
strength parameter τ0 from 15MPa to 60MPa. A side effect when changing the value 
of this parameter, which also happened when changing the mesh parameters, is that 
when using a viscous regularization, the stability factor needs to be adapted in order 
to obtain a converged solution. With higher strength values, one approaches the 
analytical values almost perfectly, but the solution tends to diverge. Therefore in a 
damage initiation and propagation analysis on a real life design part, a trade-off will 
have to be made concerning the choice of the parameters. Alfano and Crisfield 
(2001) [23] stipulated that changing the maximum interfacial strength does not have 
a big influence on the delamination propagation results, and lower strengths improve 
the convergence of the results. Therefore the most used technique for obtaining the 
maximum strength nowadays is by optimizing the parameter by comparing the 
numerical load-displacement results and the experimentally obtained results. It has 
only a small influence on the DCB results regarding the load-displacement graphs, 
but it can have quite a big influence on the total behaviour due to the stiffness 
changes, especially in the mode II simulations (6.4.3.b). 
 
   
 
Figure 6-30: Influence of the strength parameter τ0 of the traction separation 
law on the load-displacement results 
 







The last parameter in the constitutive definition of the traction separation law with 
an influence on the simulated load-displacement curves is the stiffness. Considering 
an increase of the stiffness K from 1e0 N/mm³ to 1e9 N/mm³, the obtained simulated 
results are shown in Figure 6-31. For a stiffness beneath a minimum threshold and 
above a maximum threshold the results are converging but far from the analytical 
prediction, for example for K=1e0 N/mm³, K=1e1 N/mm³, K=1e8 N/mm³ and 
K=1e9 N/mm³. The penalty stiffness  (“2D – K =  Calculated” in Figure 6-31) given 
by K = Eeff / heff (= 10500 N/mm³) approaches accurately the analytical solution and 
even better if K=1e5 N/mm³ or K=1e6 N/mm³. 
 
 
Figure 6-31: Influence of the stiffness parameter on the simulated load-
displacement curves while keeping all other parameters constant 
 
With all the knowledge we have gained in these previous sections, a model can be 
built for the simulation of the carbon/fibre PPS CETEX material studied in Chapter 
5.  
6.3.2 Numerical study of a CETEX DCB test sample 
The models representing the DCB tests using the CETEX materials as defined in 
Chapter 5 are used to create their equivalent numerical model. The results of the FE 
analyses are compared to the analytical models and the experimental results 
obtained in Chapter 5. 







The dimensions of the double cantilever beam test specimen CET 3 of the CETEX 
material used for the creation of the numerical model can be found in Table 5 of 
Chapter 5. A pre-crack a0 of 55.1 mm was taken into account with the height h of 
each substrate equal to 2.4 mm with a non-cracked length L1 = 66.92 mm (see 
Figure 6-12). A 2D model was built and the finite element mesh of the substrates 
was constructed using 24410 linear quadrilateral (CPS4I) elements with 5 elements 
through the thickness per substrate. For the crack initiation and propagation 
simulation, a layer of cohesive elements was inserted in between the substrates 
consisting of 1338 linear quadrilateral cohesive elements. A very fine mesh (0.05 
mm) was needed in order to be able to obtain converged results with a crack 
initiation strength τ0=90MPa. The reason this value of strength is used, is that the 
tensile strength for PPS is around 90MPa [29].  
6.3.2.b Material properties 
The elastic properties of the substrates as well as the parameters needed for the 
traction separation law can be found in Table 5. The mode I critical energy release 
rates GIc,Min and GIc,Max were determined in Chapter 5 and are used in the simulations 
to produce a band in which the experimental results should lay. The results were 
































Stability factor    
0.83 0.983 90 1e5 1
e-
7    
Table 5: Material properties used for the construction of the DCB model of the 
CETEX material 
6.3.2.c Results 
Figure 6-32 shows that the numerically calculated load-displacement curves 
correlate very well with the analytically predicted curves and with the experiments 
for the CET 3 test specimen. Both simulation results with GIC, Min and GIc, Max define 
a band in which the experimental results can fit. 
 







Figure 6-32: Numerical load-displacement results obtained for a DCB 
simulation of the CETEX material 
6.3.3 Numerical study of a GF/Epoxy DCB test sample 
6.3.3.a Geometry 
The dimensions of the GF/Epoxy DCB test sample CET 5 can be found in Table 4 
of Chapter 5. A pre-crack a0 of 35.45 mm was taken into account with the height h 
of each substrate equal to 1.5 and a strength τ0=60MPa. The strength corresponds to 
the value of the tensile strength of the Epicote RIMR 135 epoxy resin [30]. A 2D 
model was built and the finite element mesh of the substrates was constructed using 
7800 linear quadrilateral (CPS4I) elements with 5 elements through the thickness 
per substrate. For the crack initiation and propagation simulation, a layer of cohesive 
elements was inserted in between the substrates consisting of 425 linear 
quadrilateral cohesive elements (l = 0.2mm). A DCB model consists of a top and a 
bottom substrate with equivalent thickness h. But sometimes the top and the bottom 
substrates can have different thicknesses with h1 for the top substrate and h2 for the 
bottom substrate. In order to verify the effect of the asymmetric thicknesses of the 
substrates of the DCB test specimen as explained in Chapter 5 – Figure 24, two 
models with different thicknesses of the individual substrates were simulated. The 
first model has a height h1 = 1.4 mm of the half of the thickness of the DCB 
specimen with h2 = 1.6 mm being the height of the opposite substrate. The second 
model was built with h1 = 1.45 mm and h2 = 1.55 mm. 
6.3.3.b Material properties 
The elastic properties of the substrates as well as the parameters needed for the 
traction separation law can be found in Table 6. The mode I critical energy release 
rates GIc,Min and GIc,Max were determined in Chapter 5 and are used in the simulations 
to produce a band in which the experimental results should lay. The results were 
exported at each time increment.  
















38.90 13.30 0.25 5130 
Damage properties 
GIc, Min,  
[N/mm] 







0.961 1.125 60 1e5 1
e-
7 
Table 6: Material properties used for the construction of the DCB model of the 
GF/Epoxy material 
6.3.3.c Results 
Model A and model B in Figure 6-33 show the numerically obtained load-
displacement curves corresponding to the critical strain energy release rate values of 
GIc = 0.961 J/m² and GIc = 1.125 J/m² determined experimentally as mean values in 
Chapter 5. The curves correlate with the analytically defined curves, but are 
diverging from the experimental results. Therefore the influence on the differences 
in thickness of the substrates (half of the DCB specimens) was analysed and result in 
the curves shown in model C, D and E in Figure 6-33. One notices that a small 
difference in thickness, 0.05mm (see Figure 24 in Chapter 5), has a big impact on 
the obtained load-displacement curves leading to more accurate approximation of 
the experimental results. Model E correlates well with the experiments with GI, prop = 




Figure 6-33: Numerical load-displacement results obtained for a DCB 
simulation of the GF/Epoxy - GFE 5 







In section 6.3 it was shown that an apparently simple numerical simulation of a 
double cantilever test, with crack initiation and crack propagation, is not as simple 
as it seems. A lot of parameters can influence the numerical results like the mesh, 
the crack initiation and propagation parameters and the boundary conditions. In 
order to obtain converged results with the experimental results it is important to 
create a model as close as possible to the reality. Therefore beside the numerical 
parameters, it is as important to know the experimental parameters influencing the 
experimental results. 
 
6.4 NUMERICAL SIMULATION OF A MODE II ENF TEST 
The mode II End Notched Flexure (ENF) test has not been standardized yet, but is 
since 2009 under review for standardization at the American Society for Testing and 
Materials (ASTM). One of the reasons it is not a standard yet, is the fact that a lot of 
parameters related to the test setup can influence the results and thus a lot of scatter 
can occur with the ENF tests. The same parameters as studied in section 6.3 when 
dealing with the DCB simulations can affect the results of the numerical simulations 
of an ENF test, but there are some additional influencing parameters like for 
example: the friction between the supporting rods and the test specimen, the span 
distance between the supporting rods, the position of the test sample in the test 
setup. In this section a numerical study of the influences will be accomplished and 
an ENF simulation of a CETEX test sample will be compared to the analytical and 
experimental results determined in Chapter 5. 
6.4.1 Geometry 
The geometry of an ENF test sample is similar to the one used for a DCB simulation 
but the boundary conditions are different. Instead of having two hinges or blocks 
through which the loads are transferred, one uses two supporting rods and a movable 
rod. The geometrical properties of the numerical ENF model can be found in Figure 
6-34.   
 
 
Figure 6-34: Geometrical properties of the ENF model of the CETEX CET 7 
and CET 8 test sample 






In between the different rods (Steel) and the contact surfaces of the substrates (PPS) 
of the ENF sample, friction was taken into account. Friction was also introduced in 
between the substrates of the sample itself. While the supporting rods are fixed, a 
displacement is given to the load inserting rod which will introduce the load into the 
numerical ENF test sample as it is done in real experimental test setups. In order to 
be sure to capture the different numerical aspects of the ENF simulation, two 
models, a 2D and a 3D model have been constructed (Figure 6-35). After a mesh 
convergence for the two models, further study was made using a 2D model 
consisting of 22000 linear quadrilateral elements (CPS4I) and 1400 linear 
quadrilateral cohesive elements (l = 0.1 mm) and 2366 elements for the rods. The 
3D model was built using 18400 linear quadrilateral shell elements (S4) and 400 
linear quadrilateral cohesive elements with variation in lengths (lmin = 0.2 mm and 







Figure 6-35: (a) 2D and (b) 3D numerical representation of the ENF test 
 
6.4.2 Material properties 
The elastic properties of the substrates are the same as those used for the DCB 
simulations and can be found in Table 5. The mode II critical energy release rates 
GIIc average was determined in Chapter 5 and is used in the simulations. The results 
were exported at each time increment. In section 6.3 concerning the numerical 
simulations of a DCB sample, a whole study was made on the stabilization factor 
and the mesh. A same analysis was made for the ENF models and Figure 6-36 
shows a convergence study concerning the viscous regularization factor for the 3D 
numerical model of the ENF test where model A was calculated with the automatic 






stabilization. The friction coefficient between the PPS substrates and the steel rods 
equals 0.25 [31] and is simulated with a master-slave contact interaction with a finer 
mesh of the slave part compared to the master part. The influence of this friction 
coefficient has been studied by variation of the friction coefficient and the results 
can be found in section 6.4.3.c. The shear strength of PPS [29] is around 60MPa, 
therefore this value will be used together with a value of 30MPa and 90MPa in order 
















5 – 1e-8 




Figure 6-36: Influence of the viscous regularization on the 3D numerical ENF 
model 
 
Model E will be considered as a reference in following studies with a strength τ0 = 
90MPa since this value corresponds the closest to the analytical solution although 
the τ0 = 60MPa is the closest to the reality. But since in next section a parametric 
study will be done on multiple parameters, it is not the absolute value that is 
important but the relative. The effect of the strength will also be shown.  






6.4.3 Parametric study 
In order to capture the impact of the variations of different parameters multiple 
studies have been effectuated and compared to a reference.  
6.4.3.a Position of the rods 
6.4.3.a.1 Translations 
The reference model has a half span La = 100 mm and Lb = 100 mm (Figure 6-34) 
and this has been changed in order to check the sensitivity of the results to such 
variations. A study was performed with an asymmetric support with a half span on 
one side La = 98 mm while keeping the original Lb = 100 mm on the other side 
(Figure 6-34) and can be find as model TRAN C in Figure 6-37. A similar 
simulation was made but with opposite asymmetry with La = 100 mm and Lb = 98 
mm (Figure 6-34), see model TRAN C. The results as given in Figure 6-37 show 
that some variations may occur when the positions of the rods are changed. For 
example when comparing model TRAN A, TRAN B and TRAN C, a small shift of 
the load-displacement curve can be noticed which represents a stiffening of the 
response due to the decrease of the leverage. One can also see that if the central rod, 
inducing the load on the test sample, is slightly shifted (TRAN D and TRAN E), one 
can obtain a difference in maximum force between the ideal positioning (La = Lb = 




Figure 6-37: Influence of the position of the rods - Translations - on the 
numerical load-displacement curves of the ENF simulation 







The influence of the rotations of the supporting rods and the central rod as depicted 
in Figure 6-38, was investigated. Model ROT B and ROT C show the load-
displacement results for the simulations where both supporting rods are rotated like 
given in point A and point B of Figure 6-38 by 1 degree respectively 2 degrees. The 
last model presents the results of a model where only the central, load inserting rod, 
has been rotated by 2 degrees. 
 
Figure 6-38: Rotation of a rod by α degrees 
 
A small rotation of the two supporting or the central rods does not have any 
significant effect on the resulting load-displacement curves. All the load-
displacement curves of the different models coincide with the reference model with 
the ideally positioned rods. 
 
 
Figure 6-39: Influence of the position of the rods - Rotations - on the numerical 
load-displacement curves of the ENF simulation 






6.4.3.b Influence of the thickness of the substrates and the strength 
This study aims to check the influence of the thickness of half of the total thickness 
of the test sample h (Figure 6-34) as well as the influence of the strength τ0 on the 
load-displacement results. The models used for this study are based on the reference 
2D model (TA see table below) as given in sections 6.4.1 and 6.4.2. The thickness of 
the substrates of this model TA have been changed from 2 x h = 2.4 mm into htop = 
2.35 mm and hbot = 2.45 mm where htop represents the thickness of the substrate at 
the top in contact with the load inserting rod. The results presented here have been 
obtained using two strength values, viz. τ0 = 30 MPa and τ0 = 90MPa. The 
identifications of the different models for the different combinations are summarized 
in the following table:  
  htop = 2.40 mm htop = 2.35 mm htop = 2.30 mm 
τ0 = 90 MPa Model TA Model TB Model TC 
τ0 = 30 MPa Model TD Model TE Model TF 
 
The influence of the thickness of the substrates of the ENF simulated test sample 
(Figure 6-40) cannot be noticed in contrary to the similar graphs shown for the DCB 
simulation. On the other hand it is clear that the maximum strength τ0 has a 
significant impact on the resulting numerical load-displacement curves. Since a 
decrease in strength, with a constant critical strain energy release rate GIIc and 
stiffness K, leads to an increase of the final displacement jump at failure δf, it gives a 
smoother load-displacement curve. The maximum load obtained before failure using 
a strength τ0 = 30 MPa is approximately 550N, whereas for τ0 = 90 MPa the load 
reaches more than 600 N which is a considerable difference.  
 
 
Figure 6-40: Influence of the thickness of the substrates on the numerical load-
displacement curves of the ENF simulation 






6.4.3.c Influence of the friction 
Since it is not always mentioned in the reports or papers dealing with experimental 
ENF tests what the friction coefficient between the rods and the contact surface of 
the substrates of the test sample is, a numerical study was effectuated in order to find 
out what the impact could be on the resulting load-displacement curves. Therefore it 
was chosen to perform the quasi-static simulations using the 3D reference model as 
described in sections 6.4.1 and 6.4.2 with different friction coefficients at multiple 
failure strengths τ0 (30, 60 and 90 MPa). Both the impact of the friction between the 
substrates of the ENF model (INT) as well as the friction at the contact surface 
between the rods and the substrates (EXT) has been studied. At last a combination 
of the effect due to the friction at the contact surface and the strength is shown. 
 
6.4.3.c.1 Internal friction between the substrates of the model 
Figure 6-41 shows that the influence due to the friction between the internal surfaces 
of the numerical test sample is very low. Only a small shift of the curve can be 
noticed comparing a friction coefficient of 0.01 (model INT B) to a friction 
coefficient of 0.4 (model INT D) leading to a maximum force difference of less than 
1%. For convergence stability [10] it was chosen to use a low strength τ0 = 30MPa.  
 
 
Figure 6-41: Influence of the friction between the substrates (INT) on the 
numerical load-displacement curves of the ENF simulation 
6.4.3.c.2 External friction between the substrates and the rods 
In this section it is investigated what the effect of the friction between the rods and 
the substrates can be. Since in reality these rods are supposed to produce very little 






friction the values for the friction coefficient were varied between 0.01 for model 
EXT A, 0.33 for model EXT B and 0.4 for model EXT C. The strength τ0 at failure 
initiation used for this investigation equals 30 MPa. All the results of the output 
were written out at each time increment of the simulation. 
Although the shape of the load-displacement curves of the results (Figure 6-42) 
remains similar, a shift in loads can be observed. A difference between the minimum 
load for model EXT A (corresponding to almost no friction) and model EXT C 
reaches up to 8% which is not negligible. This means that in the reports of an 
experimental ENF analysis should be mentioned what this friction coefficient was. 
 
 
Figure 6-42: Influence of the friction between the substrates and the rods 
(EXT) on the numerical load-displacement curves of the ENF simulation 
 
6.4.3.c.3 Combination of friction and strength 
When combining the influences due to the external friction and the strength in one 
graph (Figure 6-43) it is obvious that these effects impact a lot the simulated results. 
A difference in maximum force between the minimum value obtained with model 
COM C and the maximum value obtained with model COM D represents an 
increase of approximately 20%.  
 







Figure 6-43: Load-displacement curves of ENF numerical simulations with 
combinations of influences due to friction and strength 
 
6.4.4 ENF simulation of the CETEX material and comparison with 
the experimental results 
If the lessons from these studies in section 6.4.3 are applied to the simulation of an 
ENF test one obtains a good correlation between the experimental results (CET 7 
and CET 8) as defined in Chapter 5 and the numerical load-displacement curves 
(Figure 6-44). The analytical curves have been constructed with the maximum and 
minimum critical strain energy release rates GIIc defined experimentally in Chapter 
5. On the contrary of what was expected in Chapter 5 it is not the difference in 
thickness h of top and bottom substrates of the model which induces the difference 
between the experimental and analytical results, but it is the friction between the 
rods and the substrates and the failure strength τ0 in the traction-separation law. This 
proves the added value of such numerical simulations.  
  







Figure 6-44: Load-displacement curves of the ENF numerical and experimental 
test results 
 
6.5 NUMERICAL SIMULATION OF MIXED MODE I/II BENDING 
TEST (MMB) 
When a part has to be designed in real life, the part will be designed for existing or 
predicted load cases. Almost all load cases will generate loads in multiple directions 
in the part. Till now the only load cases which have been tested in this work are the 
separate modes like mode I and mode II. However in reality these modes will be 
coupled in a mixed mode I/II. One could consider mode III, but in most cases the 
modes driving the damage and crack propagation are the mode I and the mode II. 
Therefore an introduction of a mixed mode simulation has been accomplished using 
the mixed mode bending test (MMB) and it will be compared to the analytical 
results. Since no experiments have been done using a mixed mode bending test 
setup, the numerical results will only be compared to the analytical load-
displacement results. The MMB test can be found in the form of a standard under 
the identification: ASTM D 6671.  Originally this standard is limited to 
unidirectional carbon fibre tape laminates with brittle and tough single-phase 
polymer matrices. It shows how to test and how to calculate the interlaminar fracture 
toughness Gc at various mode I and mode II loading ratios. A representation of the 
MMB test setup can be found in Figure 6-45. 
 







Figure 6-45: Representation of the mixed mode bending (MMB) test setup 
 
The advantage of the test setup is that it allows through the variation of the 
geometrical parameter c [32] (Figure 6-46) to modify the mode I and mode II ratio.  
 
 
Figure 6-46: Geometrical parameter c determining the mode I/II ratio in a 
MMB test setup 
 
When a simulation with mixed mode loading has to be done, the equation of 
Benzeggagh and Kenane [19] as defined in equation (6-20) is often used for the 
evaluation of Gc. The MMB test can be used for obtaining a value for the material 
parameter η [10]. By plotting the experimentally obtained Gc in function of the ratio 
GII/GT as given in section 6.2.3 one obtains a plot as given in Figure 6-47 [33]. By 






applying a least square fit on the experimental results of the curve one obtains the 
value for the material parameter η. 
 
 
Figure 6-47: Strain energy release rates in function of the mixed-mode ratio 
[33] 
   
6.5.1 Analytical results 
Since no experimental results are available for the validation of the numerical results 
of the MMB simulation, the analytical results will be used as benchmark. The load 
and corresponding displacement of the analytical curve for the propagation of the 
crack can be calculated with following formula [32]: 
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 with χ as defined in Chapter 5; Gc is obtained with the B-K criterion. 
 
The linear part of the graph is obtained by replacing the crack length a in the 
equation by the pre-crack length a0. 
 






6.5.2 Numerical simulation 
6.5.2.a Material 
Since the goal is to provide an introductory analysis of the numerical simulation of 
the MMB test, it was chosen to use the material used in [20] as reference. It is a 
unidirectional carbon-fibre reinforced epoxy composite but with addition of the 
shear strength at initiation of the failure    
  and the critical strain energy release rate 
for mode II. A bilinear traction-separation law was used with a Benzeggagh and 











ν12= ν13 ν23 
120.0 10.5  5.25  3.48  0.3 0.5 
Damage related parameters 
  
 ,  
[MPa] 










30 50.6 0.26  1.002  1e6  2 
Table 8: Material properties of a CF reinforced Epoxy 
 
where E11 = Longitudinal Young’s modulus, [GPa] 
 E22 ; E33 = Young’s modulus in transverse directions, [GPa] 
 Gij i=1,2,3 and j =1,2,3  = Shear moduli in different directions, [GPa] 
 νij i=1,2,3 and j =1,2,3 = Poisson coefficients 
   
  = strength at failure initiation in normal direction,  [MPa] 
    
  = strength at failure initiation in shear direction,  [MPa] 
 GIc = mode I critical strain energy release rate, [N/mm]  
 GIIc = mode II critical strain energy release rate, [N/mm]  
 K = Penalty stiffness, [N/mm³] 
 η = material parameter (power) of the BK damage evolution law 
6.5.2.b Model and boundary conditions 
Based on the size of the test setup as defined in the ASTM D6671, a 2D model was 
created as given in Figure 6-48. The test sample consists of two substrates with the 
thickness of each substrate (h) equal to 1.55 mm. The width B of the test sample 
equals 20 mm for a total length of the test sample L of 170 mm. The load P 
(imposed displacement) was applied at the location as given in Figure 6-48(a).  In 
between the central support (centre part of the lever in ) and the substrate a contact 
definition with friction coefficient = 0.25 was defined. The front part of the lever 
and the front part of the top substrate of the test sample were connected by using a 
multiple point constraint (MPC) in order to create a mode I loading (Figure 6-48(a)). 






The mode II is obtained by the transfer of the load through the centre part of the 







Figure 6-48: (a) Mixed Mode Bending model with dimensions; (b) identification 
of the different parts introducing the load into the MMB test sample 
 
This model was meshed and a total of 22,263 FE mesh elements were generated 
(Figure 6-49). The same CPS4I elements as given in 6.3.1.e were used for the model 
and in between the two substrates of the test sample a layer of zero thickness 
cohesive elements (1400 elements) was inserted with a mesh element length le = 0.1 
mm. 
 







Figure 6-49: Meshed model of the MMB test 
 
6.5.2.c Results 
The contour plot regarding the displacement of the entire MMB simulation can be 
found in Figure 6-50. 
 
 
Figure 6-50: Contour plot of the displacements of the MMB simulation 
 
The load-displacement curve can be found in Figure 6-51. It is obvious that 
experimental data are needed on a real composite in order to define the strength 
(mode I and mode II) correctly. In future work, a MMB test setup will be created in 
order to be able to test MMB samples. The only difference between the test sample 1 
and the test sample 2 of Figure 6-51 is the output frequency at which the result data 
have been extracted, and thus the size of the time increments at which the simulation 
has been solved. 
 
 







Figure 6-51: Load-displacement curve of a mixed mode bending test sample 
 
6.6 CONCLUSIONS 
Since in papers the values of all the needed parameters for the CZM results are often 
not given, a complete analysis of the different parameters affecting the mode I 
(DCB) and mode II (ENF) simulation results on composite samples have been 
identified and studied. The parametric study of the mode I DCB and the mode II 
ENF simulations showed that important parameters like stabilization method, output 
frequency, friction, position of the rods, mesh size… but more specifically the 
combination of all the parameters are important for the creation of accurate results. 
With this knowledge a mode I DCB simulation showed good correlation with the 
experimental results and the same was obtained for a mode II ENF sample. Finally 
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Chapter 7  
 
Numerical tools for enriched meso-
scale models and automated creation 
of extra features 
 
In this chapter some tools are presented for improving 
the pre-processing time of the construction of meso-
scale models like:  (i) a contact definition tool allowing 
an automatic generation of a surface of a mesh part; 
(ii) a Boolean mesher allowing an automated 
subtraction of a shape out of a volume.  Since the 
creation of models integrating cohesive elements is 
time consuming, a tool was developed for the automatic 
creation of mode I and mode II test samples with 
interlayers of cohesive elements. A feature was added 
creating a cohesive layer starting from a surface. 
Finally, a method for the automatic wrapping 
(embedding) of cohesive elements around all the 




When a meso-scale numerical model with periodic boundary conditions has to be 
created a lot of manual work is needed, especially considering the interactions 
between the multiple parts and the boundary conditions.  This is emphasized when 
damage has to be simulated and using cohesive elements for example. Beside the 
numerical tools shown in Chapter 3 and applied in Chapter 4, the following tools 
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have been developed additionally to reduce the pre-processing time and thus the cost 
for building a complex meso-scale model: 
1. a tool which allows a user by some simple mouse clicks to generate a 
surface of a finite element mesh which can be used in contact definitions  
2. a Boolean mesh reorganization tool will be presented allowing the creation 
of a volume in an existing mesh by only the definition of the enveloping 
shape of the desired volume.  
 
In Chapter 5, the different techniques for the simulation of the DCB and ENF tests 
were discussed. It was shown that working with cohesive elements is tricky, but it 
can be a cumbersome work if a lot of iterative work has to be done, for example 
when a mesh convergence analysis has to be performed. Therefore the following 
numerical tools were developed: 
3. a plugin for AbaqusTM was created allowing the automatic creation of 
beams and cohesive layers which allows the automatic generation of mode 
I, mode II or mixed mode I/II virtual test samples 
4. the tool for automatic surface generation was extended with the possibility 
of the automatic generation of a cohesive layer starting from the defined 
surface 
5. a last tool allows the automatic wrapping of cohesive elements around a 
chosen finite element mesh 
 
7.2 CONTACT ZONE DEFINITION TOOL 
An input file is a text file in which all the needed data can be found used by a 
numerical finite element solver (e.g. Abaqus implicit solver) for the calculation of a 
numerical simulation like:  FE elements, nodes, boundary conditions, loads, 
interactions… When such a file has been received from a third party, there is no link 
anymore between the meshed model and the CAD model. Such a meshed part is 
called an orphan mesh. Defining contact surfaces for non-mathematical shapes can 
be very work intensive since the selection of the surface of each element has to be 
done manually. Therefore a tool has been created in a WPF/C# programming 
language for the automatic generation of a contact surface on an orphan mesh part. 
WPF (windows presentation foundation) is the graphical subset of the .Net 
framework allowing an easily adaptive graphical user interface. The algorithm will 
be explained using a yarn of a meso-scale model as given in Chapter 4.  
7.2.1 Procedure of the algorithm 
The procedure of the algorithm can be summarized as: 
1. The data are extracted from an input file and stored in a 2D array 
2. The key information is created and stored in an adequate data structure 
3. The faces of each element are created 
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4. Using the connectivity of the faces, the free nodes at the free surfaces are 
created  
5. The “unwanted” nodes are erased from the list of free nodes 
6. By comparison of the list of free nodes and the faces, the final list with 
surfaces is created and exported to a text file. 
 
If one wants to create a surface of an orphan mesh as given in Figure 7-1 (a), the 
first thing to do, is to extract all the needed information from an input file like mesh 
elements and mesh nodes. From these mesh data one calculates the adjacent faces of 
all elements and one can obtain the external nodes at the free surfaces (= “free 
nodes”) (Figure 7-1 (b)) by comparing the adjacent faces of each element. For 
example if an element does not have any adjacent element for a given face, it means 
that this face is at a free surface. The nodes defining this face are thus nodes at a free 





Figure 7-1:  (a) Orphan mesh; (b) cut of the orphan mesh showing the free 
nodes (= nodes at outer free surface) 
 
If for example the user wants to avoid elements at the boundary faces of the domain, 
within a user defined error, to be integrated in the final selection of the calculated 
surface, a simple checkbox can be checked (Figure 7-2). This could be important 
when building a meso-scale model with periodic boundary conditions in order to 
avoid overconstraining the boundary nodes as explained in Chapter 3. The algorithm 
will search for the nodes at the maximum and minimum location (x, y and z 
coordinates) of the boundary of the unit cell and eliminate the selection of the 
elements containing these boundary nodes of the set of elements containing the 
surface.  
 
Figure 7-2: Screenshot of the surface creating software 
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Finally a text file of the surface compatible with the input file is exported to the 
same folder in which the start file is positioned.  
Resulting screenshots are shown in Figure 7-3 with a model from which the user 
allows the surface extraction around the entire FE model (a). In (b) a model of a yarn 
of a meso-scale model simulated in Chapter 4 is shown in which the user chose to 
avoid the elements at the maximum and minimum side of the longitudinal direction. 









Figure 7-3: Screenshots of the resulting surfaces of (a) an entire model and of 
(b) a yarn avoiding the elements at maximum and minimum position in the 
longitudinal direction (b); (c) shows the created inner surface in the matrix 
 
This tool eases the creation of interactions such as tie constraints and contact pair 
definitions between multiple parts. The possibility for the user to eliminate the nodes 
at a maximum location in the x-, y- or z-direction allows the meso-scale CAD model 
as defined in Chapter 3 to be meshed without having to partition the model. Hereby 
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the pre-processing time is reduced as well. The user just needs to create the CAD 
model and create a meshed equivalent and the software handles the surface 
definitions. Figure 7-4 shows a tie constraint applied between the surfaces of the 
meshes of a yarn and a matrix part, avoiding the boundary nodes obtained using the 
tool presented in this section. 
 
Figure 7-4: Tie constraint between a yarn surface and a matrix surface 
obtained with the contact definition tool. 
 
 
7.3 BOOLEAN MESHER 
For the creation of a volume or hole in an existing mesh there is no straightforward 
integrated solution in the commercially available CAE software. An example can be 
given for such a situation like: an input file has been sent by a third party containing 
a complex meso-scale model as given in Chapter 4 with all boundary conditions and 
interactions. But a study has to be made on this model with the implementation of a 
hole for obtaining information on the effect of a hole on the mechanical behaviour. 
Instead of having to recreate the geometric models with implementation of the new 
volume/ hole and all the associated interactions, a software has been developed 
allowing the Boolean operation for the subtraction of a volume/ hole of a given 
existing mesh. The Boolean operation is based on the superposition method [1] used 
for mesh generation. These methods are all based on a mesh more or less complex 
and which is adapted to the boundaries of the object. The projection technique is 
used in order to adapt the mesh to the boundary nodes. Of course degenerate faces 
and elements are not allowed and a good quality mesh should be the goal. Therefore 
the volume of the elements and the skewness ratio of the angles between the edges 
of the elements is checked.  
 
7.3.1 Procedure of the algorithm 
The procedure will be explained with an example on which the different steps will 
be shown. The example consists of a simple solid mesh volume (tetrahedral) of a 
beam in which one wants to insert a hole corresponding to a certain CAD geometry. 
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The geometry (droplet shape) could represent a defect or a void (Figure 7-5 (a)) and 






Figure 7-5: Starting volume with (a) the shell representation of a CAD 
geometry and (b) the original mesh of a solid volume  
 
The shell representation of the droplet (Figure 7-5(a)) is meshed with triangular 
elements and the normal of each element pointing from the inside to the outside of 
the mesh is calculated together with the centroid of the shell elements. In order to 
obtain the position of each element compared to the shell surface, whether it is 
positioned at the inside or at the outside of the shell volume, the following procedure 
has been followed: 
 the distance (|Csh I|) from each mesh node (I) of the solid mesh to the 
centroid of each shell element (Csh) is calculated (Figure 7-6(a)) and the 
minimum distance (|Csh I|min) is selected by using: 
 
                   √                                  (7-1) 
 
where x1, y1 and z1 are the coordinates of the centroid of a shell element 
and xi, yi and zi  are the coordinates of node I of a tetrahedron 
 for each shell element the normal vector (vec(Csh)) is calculated using the 
coordinates of the nodes and stored in a data structure 
 from the minimum distance (|Csh I|min) one knows which shell element is 
the closest to the solid element. One checks if the node (I) is at the inside 
or the outside of the domain (shell) by calculating the angle (α) between 
the vector vec(I-Csh), defined by the solid mesh node (I) and the centroid of 
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the shell element (Csh), and the normal vec(Csh) of the shell element 
(Figure 7-6(b)). All the internal nodes and external nodes are saved in a 
data structure. 
 from the lists of outside and inside nodes one can create lists with elements 
lying completely inside and completely outside of the shell domain and 
additionally a list with elements partially inside and outside the domain, 
the list of the elements crossed by the domain 
 the last step of the creation of the volume is the projection of the nodes on 
the shell representation of the volume. One can use the nodes of the 
crossed elements lying on the inside of the domain or those lying on the 
outside of the domain. Let us choose for example to use the nodes lying on 
the inside of the domain. The projection of the nodes can be done using 







Figure 7-6: Calculation of the distance between the solid mesh nodes and the 
centroid of the shell elements (a) and the calculation of the angle α between the 
normal vec(Csh) of the shell element and the vector vec(I-Csh) (b) 
7.3.2 Projection of the inside nodes 
The easiest way to project a node I is to perform a normal projection on the plane 
defined by the nodes of the closest shell element. If the projection of the node I       
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(= Iproj) is located inside the triangle defined by the shell element (Sh), a solution has 
been found for the projection. However this will not always be the case as shown in 
the 2D example in Figure 7-7(a). The distance between the 3D solid element node I 
and the shell element Sh – 1 is minimal. If the node I is projected perpendicularly on 
the plane (in the example the dotted line) formed by the 3 nodes of element Sh - 1 
one obtains the node Iproj – 1. This projection is located outside of the triangle formed 
by the nodes of the shell element. If a neighbour shell element (Sh – 2) would be 
used, the same result could be obtained (Iproj – 2) (Figure 7-7 (a)). The procedure of 
the perpendicular projection with checking if the projected node is inside the given 
shell element is applied for the five closest elements of the solid element node. If it 
fails to find a solution a new procedure is applied for the relocation of the solid 
element node. The procedure consists of: 
 the closest shell element is split in 3 new triangles and the centroid of 
these triangles is calculated ( = Csh – 1, n; where n = A, B and C ) (Figure 
7-7(b)) 
 the distance between the new centroids and the node I of the solid element 
is calculated and the node I will be projected on the centroid (the original 
centroid of the element and the 3 new centroids) where the distance        





Figure 7-7: (a) Perpendicular projection of the node I on the 5 closest elements; 
(b) projection of node I on the closest centroid of the split shell element 
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7.3.3 Quality check 
In this tool the first quality check of the resulting mesh after the Boolean operation 
is the calculation and control of the mesh element volume. A second check is done 
on the shape of the elements by evaluating the angle between the edges sharing a 
node. 
7.3.3.a Volume calculation and shape check 
Since one changes the original shape of the solid mesh elements, the resulting shape 
and volume of the changed elements (the elements with at least one relocated node) 
has to be checked for conformity, not having negative volumes for example. 
Therefore the volume of the resulting elements was calculated.  
 
7.3.3.a.1 Linear tetrahedron 
Consider the Jacobian matrix of the mapping from the physical space x, y, z to the 




































and |J| is the determinant of the Jacobian matrix. Let us consider the mapping 
functions Qx, Qy and Qz which are single-valued functions of (ξ, η, ζ) and possess 
continuous derivatives. The Jacobian determinant is positive in every point of the 
standard domain Ωst such that [2]: 
 
x = Qx(ξ, η, ζ); y = Qy(ξ, η, ζ); z = Qz(ξ, η, ζ) (7-3) 
 
whereby a standard element with domain Ωst is mapped on the k-th element Ωk. If 
one considers the orthonormal basis vectors  ⃗ ,  ⃗  and  ⃗  of a right-handed 
Cartesian coordinate system, then the differential volume can be expressed as the 
scalar triple product: 
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By applying equation (7-3) this becomes: 
  
   (
  ⃗
  
   
  ⃗
  
  )  
  ⃗
  
               (7-5) 
 
The interpretation of this equation is the volume of a parallelepiped from the 
orthonormal basis. The volume V of a tetrahedron (Figure 7-8) can be calculated 
with the following equation: 
   
 
 
       (7-6) 
Where   [
       
       
       
       
]  
 
Figure 7-8: Linear tetrahedron with nodes and coordinates 
 
 
7.3.3.a.2 Linear Hexahedron 
Since the meshing technique applied in this section generates unstructured meshes,  
the calculation of the volume of the hexahedral elements tends to be quite 
challenging due to the trilinear variation of the scalar fields inside the element.  If 
for example in an unstructured hexahedral mesh one node is repositioned, the final 
shape of the FE element is not a parallelepiped anymore (Figure 7-12). The 
conventional solution for the volume calculation of such a mesh consists of splitting 
each hexahedron into five or six tetrahedrons from which the volume can be 
calculated using equation (7-6). If an increased accuracy would be needed, 24 
tetrahedrons could be created starting from a hexahedron. Each face of the 
hexahedron is split into four triangles and each triangle is connected to the centroid 
of the hexahedron to construct the tetrahedron. This would lead to accurate results 
but to very inefficient computational times. Since a compromise between calculation 
speed and accuracy has to be made, the attention in this work will be given to the 
split of the hexahedron into 5 and 6 tetrahedrons due to the computational efficiency 
especially for the high amount of elements needed for meso-scale simulations. A 
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hexahedron (Figure 7-9) can be split in 5 or 6 tetrahedrons in multiple ways, an 
example of a split into 6 is given here [3]: 
 
 
Figure 7-9: Linear hexahedron split into 6 tetrahedrons 
 
In order to show the difference between the calculated volumes with different 
techniques, a small example has been created. The hexahedrons of a hexahedral FE 
mesh are split into tetrahedrons using following nodes scheme: 
 
ID Tet 1 Tet 2 Tet 3  Tet 4 Tet 5 Tet 6 
Split-A 1,2,3,6 1,3,8,6 1,3,4,8 1,6,8,5 3,8,6,7 - 
Split-B  1,6,8,5 1,2,8,6 2,7,8,6 1,8,3,4 1,8,2,3 1,8,7,3 
Split-C 1,2,7,6 1,2,3,7 1,3,4,7 1,6,7,5 1,7,4,8 1,7,8,5 
Figure 7-10: Scheme for the split of a hexahedron into 5 or 6 tetrahedrons 
 
All the volumes of the tetrahedrons are then added in order to obtain the total 
volume of the studied object.  
The results for Split-A, Split-B and Split-C are compared to those obtained with the 
tools available in Abaqus. In Abaqus the volume of the CAD was calculated using 
the mass property option (= AbaqusProp); the volume of the meshed parts are 
calculated by the summation of the volume of all elements (=AbaqusEVOL) and the 
last tool uses the summation of the volume given to each integration point of an 
element (=AbaqusIVOL).  
 
Calculation of the volume of a structured mesh: 
For the calibration of the techniques, the volume of a simple beam (width = 15mm, 
height = 15mm and length = 20mm) (Figure 7-11 (a)) is calculated. For all the 
techniques, the same results were obtained (V = 4500mm³). A second object meshed 
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with a structured mesh in a vase shape was calculated and the results for the 
volumes are: 
ID Volume, [mm³] 
Split-A 31894 






It can be noticed that the volume calculated with a CAD system cannot be used if a 








Figure 7-11: Volumes with a regular structured FE mesh: (a) a beam; (b) a vase 
shaped volume 
 
Calculation of the volume of an unstructured mesh: 
Since the Boolean mesher generates an unstructured mesh, such a simplified shape 
was generated starting from a simple cube (w = 20mm, h = 20mm and l = 20mm) in 




Figure 7-12: Unstructured mesh of a cube with one relocated node 
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The volumes calculated with all the different techniques can be found below: 
 
ID Volume, [mm³] 
Split-A 7833 






The results with unstructured meshes are dependent on the technique used for the 
calculation of the volumes. Therefore, when dealing with such unstructured meshes, 
it should be advised to explain in detail the technique used for the calculation of the 
volume. Knowing which algorithm should be used for the calculation of the volume 
in the unstructured meshes is not trivial but giving the information of which 
technique has been used is mandatory, especially if one will use these techniques for 
the calculation of fibre volume fractions and one wants to compare results. 
 
With the techniques as described above the volume check consists of comparing the 
volume of each element to a minimal volume and the volume of this element cannot 
be negative. The latter would mean that a node of an element has been relocated in 
such a way that the element is inverted. A second check is obtained by calculating 
each angle between two edges sharing a node. The obtained angle is compared to a 
minimum user defined angle and if the calculated angle is lower than the minimum, 
the element has a bad shape. If the volume of an element is below a user defined 
error level or the angle between the edges with common node is above or below a 
user defined angle, the finite element mesh is considered as poor. If this is the case 
the mesh has to be optimized and the quality improvement techniques used in this 
work are the swapping of faces/edges and the relocation of the nodes [4]. The 
swapping was applied by simple well known permutation. For the relocation of the 
nodes the Laplacian smoothing was used. It consists of the relocation of the vertices 
to the averaged position of the nodes connected to it and can be written as given in 
equation (3-17) in Chapter 3. 
 
In a future work some mesh refinement techniques will be added in the boundary 
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In Figure 7-13 the Boolean operation of a droplet volume on an existing solid mesh 
results in two new meshes: the external volume from which the droplet has been 







Figure 7-13: Result of a Boolean operation on an orphan mesh with a droplet 
shape with: (a) the resulting outside mesh and (b) the internal mesh. 
 
This technique was applied on the numerical meso-scale model of the CETEX 
material given in Chapter 4. Let us consider that a hole with a diameter of 1mm has 
to be integrated in the existing mesh developed in Chapter 4 (Figure 7-14(a)). The 
result after the Boolean operation of the cylinder on the original matrix mesh is 
presented in Figure 7-14(b), whereas the result of the Boolean operation on the yarn 
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Figure 7-14: Application of the Boolean mesher algorithm on the CETEX 
meso-scale model with (a) the original tetrahedral mesh and the hole that has to 
be implemented; (b) the resulting mesh on the matrix and (c) the resulting 
mesh on a yarn. 
 
In the previous example the Boolean operation was applied on a tetrahedral mesh, 
but a first attempt for applying the technique on a hexahedral mesh is shown in 
Figure 7-15. The shape of the shell represents a yarn. The resulting shape is obtained 
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Figure 7-15: Application of the Boolean mesher algorithm on a hexahedral 
mesh with (a) the original solid element volume, (b) the shell representation of 
the yarn which has to be modelled and (c) the obtained result 
 
The complexity of building such a meso-scale meshing tool with the existing 
algorithm consists in the fact that the existing algorithm of the Boolean mesher will 
generate elements in the crimp zone with very poor quality due to their aspect ratio 
since eight nodes could be relocated. Consider for example the original mesh nodes 
as drawn in Figure 7-16 (a) with their projection direction. The new created 
elements after projection of the nodes will have degenerate faces (Figure 7-16 (b)). 
This effect could occur also with tetrahedral elements. However, in the case of 
hexahedral elements the faces in the direction perpendicular to the x- and y-axis 
could have additional degenerate faces. The best way of solving this issue is not to 
project the nodes anymore but to create new elements using the nodes (1-2-3-4) 






Figure 7-16: 2D representation of the projection of hexahedral elements on the 
boundary shape with: (a) the original mesh elements and projection directions 
and (b) the new created elements 
 
In future research, it could be imagined that a tool could be developed that allows, 
starting from a volume mesh and a shell representation of the yarns, an automatic 
generation of a meso-scale model with the automatic creation of the periodic 
boundary conditions with the algorithm given in Chapter 3, and with the automatic 
contact definitions as given in previous sections. 
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7.4 TOOLS FOR THE IMPLEMENTATION OF COHESIVE ELEMENTS 
IN A MODEL 
Since cohesive elements are increasingly used in numerical models the last decade, 
and since the insertion of such elements in a numerical model is highly work and 
time intensive, some tools were developed facilitating this step: 
1. A tool was developed for the construction of numerical DCB, ENF and 
MMB test samples in a fast and automated manner 
2. An automatic wrapping algorithm was developed for the automatic 
insertion of cohesive elements into a chosen mesh 
3. A tool allowing the automatic generation of a cohesive layer starting from 
the surface of a part mesh 
These tools allow creating models at macro-scale but also at meso-scale level 
7.4.1 Test sample creator 
A python script was developed and implemented in an Abaqus™ plugin allowing 
the automatic generation of test samples in 3D consisting of two substrates and a 
cohesive layer. The substrates can either be constructed out of 3D solid brick 
elements or out of shell elements. The positioning in the assembly as well as the 
positioning of the substrates and the cohesive layer compared to each other can be 
chosen. Different parameters can be chosen by the user like (Figure 7-17):  
 Size of the test sample 
 Material with layup orientations if needed 
 Mesh size in the different directions for the substrates and the cohesive 
elements. One has the possibility to give a zero thickness to the cohesive 
elements and position the layer relative to the substrates with which it will 
interact  
 The position of the different parts in the assembly 
The contact faces are also generated automatically. This script allows a user to 
generate rapidly, without losing too much time in the pre-processing tasks, a virtual 
test sample for a DCB, ENF or other beam or plate with layers of cohesive elements 
in between the continuum finite elements. 
 
 
Figure 7-17: Creation of a DCB, ENF or other beam with possibility of 
insertion of cohesive elements 
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The boundary conditions can be implemented easily by the user using the 
conventional commands in the software since the contact (or other interaction) 
surfaces have been created. 
An example of a 3D solid element mesh sample created with the tool with an 




Figure 7-18: Example of a 3D solid element model with a zero thickness 
cohesive element layer constructed with the plugin tool 
7.4.2 Wrapping of cohesive elements 
If one would like to create a model in which crack propagation has to be simulated 
without knowing the crack path and allowing multiple cracks to initiate using the 
Abaqus environment for example, one would have to implement cohesive elements 
in between all the finite elements of a mesh. An example in which this tool could be 
used is a meso-scale yarn as given in Chapter 4, in which one would like to simulate 
cracks propagating through the cross section of the yarn simulating a transverse 
crack. Another example is if one has a model (2D or 3D) under load, for example 
the matrix part in a meso-scale model, in which one would like to know where the 
crack starts and in which direction it will propagate, it would be necessary to have 
cohesive elements in between all the FE mesh elements of the model. But the 
manual insertion of such an amount of cohesive elements is not feasible. Therefore 
an algorithm has been implemented in a C# based code in order to automatically 
generate cohesive elements and embed them in between an existing finite element 
mesh. Starting from an input file of a pre-processor (e.g. Abaqus
TM 
CAE) where the 
mesh in which the cohesive elements have to be embedded can be found, the 
following procedure was created and implemented: 
 Extraction of data and creation of data structures 
 Creation of new nodes and elements 
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7.4.2.a Extraction of data and creation of data structures 
An input file contains all the needed information for the calculation of a FE model 
such as mesh nodes and elements, type of mesh, boundary conditions, interactions, 
outputs, calculation technique… It is logical to use this information as a start point 
of the analysis. The key information of the FE mesh like the nodes and their 
coordinates and the elements is extracted from the base input file containing the FE 
mesh representing the studied part. The speed of software is depending on its 
algorithms and its data structures. Therefore it is important to store the extracted 
data of the input file in a correct and easy to loop data structure (list, class). Taking 
into account the conventions inherent to the pre-processor of the CAE software 
(Figure 7-19), in this work Abaqus™, the faces of the elements related to the mesh 
elements and the node numbering are extracted and stored. 
 
 




The faces represented by the black circles in Figure 7-19 consist of the nodes as 
given in Table 1: 
  
Face ID Node I Node II Node III Node IV 
I 1 2 3 4 
II 5 8 7 6 
III 1 5 6 2 
IV 2 6 7 3 
V 3 7 8 4 
VI 4 8 5 1 
Table 1: Faces with corresponding nodes 
 
By knowing the connectivity of the faces, one can know which elements are at the 
outer boundary of the meshed model and which elements are inside the model by 
counting the shared connectivity of all the elements. Now one knows the neighbours 
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of each element, the faces and their connectivity and the shared nodes. From here an 
algorithm for the insertion of the cohesive elements can be built. 
 
7.4.2.b Creation of the new nodes and elements 
When one wants to embed cohesive elements in a mesh, multiple strategies can be 
considered with more or less advantages: 
1. One could create cohesive elements with zero thickness in between a set of 
elements as given in Figure 7-20(a) 
2. The cohesive elements are given a certain thickness and no “new central” 
(NC) element is considered (Figure 7-20(b)) 
3. The cohesive elements are given a certain thickness with a “new central” 
(NC) element (Figure 7-20(c)) 
If one creates zero thickness elements, no NC elements are allowed since a pre-
processor will not allow degenerate vertices. Degenerate vertices are nodes for 
example of a four-noded shell element with one position for all four nodes (one set 
of x, y and z coordinates). If one gives a thickness to the embedded cohesive 
elements on the other hand, one would probably want to avoid “holes” (Figure 
7-20(b)) in the mesh and one would need to implement NC elements. However these 
NC elements are very small and especially when a dynamic explicit analysis will 
have to be performed it could be preferable to avoid the NC elements since the 
characteristic length of the smallest element will define the stable time increment 
and thus the smaller the smallest element the smaller the needed maximum time 
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Figure 7-20: Different techniques for the implementation of cohesive elements 
in a FE mesh 
 
Let us consider for the ease of the explanation of the algorithm a 2D finite element 
model in which cohesive elements will be embedded. This procedure has been 
extended for 3D elements, but the procedure of the algorithm remains the same. The 
elements in the example given in Figure 7-21(a) consists of following nodes: 
 
Element ID Node I Node II Node III Node IV 
I 1 2 4 5 
II 2 3 5 6 
III 4 5 7 8 
IV 5 6 8 9 
Table 2: elements with their node numbering corresponding to Figure 7-21(a) 
 
In Figure 7-21 the different steps are shown for the wrapping of cohesive elements 
in an existing mesh: 
 Knowing the interconnectivity of the elements and faces, the next step is to 
duplicate the interface nodes. The red nodes in Figure 7-21(a) are 
duplicated  into the red plus the green nodes in Figure 7-21(b) 
 Element II for example is built up of the old nodes 3 and 6 and the two 
new nodes 10 and 11. This is done for all elements of the existing mesh 
 Finally new mesh elements (A, B, C, D and E) are created consisting of 
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Figure 7-21: Schematic representation of the different steps in the algorithm 
needed for the insertion of cohesive elements in a FE mesh 
 
The new elements are given a certain user defined thickness (tcoh) having as 
maximum limit a fraction of the specific length of an element. Each repositioning of 
the nodes at an interface is obtained using the following procedure in Figure 7-22: 
 From the nodes at the interface, a plane (Plane X in Figure 7-22(a)) is 
constructed (plane through three points in a 3D environment) 
 A plane parallel to Plane X is constructed at a distance –tcoh/2 (Plane A) and 
at a distance +tcoh/2 (Plane B) 
 The points resulting from the cross-section between the edges of the 
element and the planes A and B define the new positions of the nodes 
(Figure 7-22(b)) 
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Figure 7-22: Repositioning of the nodes in the wrapping algorithm 
 
The algorithm has been written in WPF/C# and since it is an object based 
programming language, it is easy to expand or change the content of the exported 
text files to meet the requirements of different input files of the different CAE 
software packages available on the PLM (product lifecycle management) market. An 
example of such a mesh with analysis results can be found in Figure 7-23 for a beam 






Figure 7-23: Example of an implicit simulation of a beam under bending with 
cohesive elements wrapped around all internal elements with (a) the entire 
structure and (b) the cohesive elements shown 
 
Another example of a model calculated with the explicit solver where a ball impacts 
on a flat plate with cohesive elements wrapped around all the elements is shown in 
Figure 7-24. The material model as well as the results are only to show that the 
algorithm works and that the calculations can be handled. The simulations have no 
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Figure 7-24: Example of an explicit impact simulation of a ball on a plate with 
cohesive elements wrapped around all internal elements of the plate mesh with 
(a) the entire model and (b) the cohesive elements and (c) the resulting impact 
shown 
 
Finally the algorithm has been applied on the mesh given in Chapter 4 of a meso-
scale numerical model representing a yarn of the 5-harness satin weave carbon fibre 
PPS CETEX material. It shows that the tool can handle all types of meshes and that 
cohesive elements could be implemented in a meso-scale model for the simulation 
of a crack propagating through a yarn (Figure 7-25). The same could be thought of if 
one would like to simulate crack propagation within the matrix of a meso-scale 
model.    
 
 
Figure 7-25: Results of the cohesive wrapping on the yarn of a meso-scale 
model of the CETEX material 
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7.4.3 Cohesive elements creator around a given part  
In section 7.2 it was explained how to create contact surfaces on orphan meshes 
automatically and in previous section it was explained how to generate cohesive 
elements. The logical extension of section 7.2 is to build a cohesive layer upon the 
created surface of a given orphan mesh. With the algorithms created in section 7.2 
and the resulting surface, it is straightforward to create a cohesive layer with zero 
thickness. The resulting cohesive layer could be used for the simulation of meta-
delaminations starting at the interface between matrix and yarns of a meso-scale 
numerical model. Another example in which it could be used is the implementation 
of damping through energy dissipation at the yarn/matrix interface. Additionally the 
algorithm can be used for the creation of cohesive layers in macro-scale and micro-
scale models.  
Let us consider an example using only one 3D solid element part consisting of nodes 
with ID numbers 1 – 2 – 3 – 4 – 5 – 6 – 7 – 8 like given in Figure 7-26(a) and with 
the surface defined by node numbers 5 – 8 – 7 – 6 (which is face 2 in Abaqus™) 




Figure 7-26: Element with node numbering (a) and with selected surface (b) 
 
The coordinates of the nodes of the cohesive element that has to be constructed 
starting from the selected surface and saved in a new part are already known. But in 
order to obtain a correctly oriented cohesive element, with the mesh stack 
orientation from the bottom to the top, the node numbering has to be adapted 
consequently. As can be noticed in the convention of the node numbering of the 
faces as defined in Table 1, the normal of the faces points towards the centroid of 
the element. Therefore when a cohesive element has to be created the node 
numbering has to be defined in that way that the normal from the face it is created 
from, points away from the original solid element. Applying this on the example 
given above with face 2 of the surface, one obtains the four nodes of face 1 of the 
new cohesive element by applying the right hand rule and one obtains the node 
numbers 5 – 6 – 7 – 8. In order to avoid confusion in the input file a user defined 
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starting number (here 1000) has been added to the original node numbering giving 
node number 1005 – 1006 – 1007 – 1008. The resulting node numbering of the 
cohesive element is obtained by repeating these node numbers with addition of a 
given offset (for example 1000) leading to the final node numbering 1005 – 1006 – 
1007 – 1008 – 2005 – 2006 – 2007 – 2008. The resulting cohesive element is shown 
in Figure 7-27 with a given fictive thickness. In reality the nodes have the same 
coordinates as those from nodes 5-8 leading to a zero thickness cohesive element. 
 
 
Figure 7-27: Resulting cohesive element with corresponding node numbering 
 
This extra option to create a cohesive layer starting from a created surface with the 
tool presented in section 7.2 can be found in Figure 7-28. 
 
 
Figure 7-28: Option allowing the creation of a cohesive layer 
 
The result showing the cohesive layer created with this tool and the surface from 
which has been started are shown in Figure 7-29 and represent a section of the yarn 
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Figure 7-29: Surface created with the contact definition tool (a) and the 
resulting cohesive layer where the mesh stack direction is shown from the 





In this chapter multiple tools have been presented which were developed in order to 
improve the speed for the creation of meso-scale models. They were split into two 
subsets with on one hand the tools improving the generation of regular meso-scale 
models with orphan meshes without damage simulation. On the other hand 
algorithms were developed for an easy and automated implementation of cohesive 
elements and layers in a meso-scale model. Altough these tools were intended for 
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Chapter 8  
 
Conclusions and Future work 
 
This chapter is divided into two parts. The first part 
summarizes the conclusions based on the numerical 
simulations of a meso-scale model with periodic 
boundary conditions using a new algorithm with an 
experimental validation. Together with the mode I, 
mode II and mixed mode I/II experimental and 
numerical analyses for the definition of the damage 
parameters, the developed numerical tools create the 
basis of the pre-processor for the time efficient creation 
of a meso-scale model. In the second part some 
recommendations are given for future work. 
 
8.1 CONCLUSIONS 
This section will be composed of the conclusions concerning: 
1) the numerical tool for the automatic implementation of periodic boundary 
conditions on a meso-scale finite element model consisting of multiple 
parts and multiple meshes and its experimental validation 
2) the experimental research on mode I DCB and mode II ENF tests on 
woven carbon fibre reinforced PPS (CETEX) and unidirectional glass fibre 
reinforced epoxy 
3) the parametric study of the different parameters impacting the results of the 
numerical simulations of a mode I DCB and a mode II ENF test on a 
carbon/fibre epoxy material and the application of the simulations on the 
CETEX material 
4) the numerical tools developed reducing the pre-processing time for the 
construction of numerical finite element models at meso- and macro-scale 
including orphan meshes like:  






o automatic creation of beams for mode I, mode II and mixed mode 
I/II damage simulations including cohesive elements;  
o automatic generation of cohesive layers and wrapping 
(embedding) of cohesive elements in an existing mesh;  
o contact definition tool for the automatic generation of contact 
zones in an assembly and a Boolean mesh generator on orphan 
meshes 
 
8.1.1 Automatic implementation of periodic boundary conditions on 
multiple part meshes with non-periodic meshes at opposite 
faces. 
The tool developed in this dissertation (ORAS) overcomes the limitations of the 
state of the art techniques. It allows the creation of complex numerical meso-scale 
models with non-periodic meshes with commercially available CAD and CAE 
software packages. Therefore, and as long as the meshed models can be created, the 
periodic meshes at opposite faces are not required anymore by the algorithm defined 
in Chapter 3. It allows creating models with defects, misalignments, holes… for 
approaching as closely as possible the reality. The tool makes new researches 
possible like for example the study of complex meso-scale architectures with spread 
tow fabric reinforced composites. The validation of the new software can be 
summarized in following points: 
 The method developed in this work has been applied on CETEX material 
which is a 5-harness satin weave carbon fibre PPS material on which the 
state of the art techniques can also be used. The elastic properties of the 
material were calculated. 
 The use of the CETEX meso-scale model allowed a numerical comparison 
between the new and the state of the art numerical techniques for a correct 
interpretation of the results. The results of the macro homogenized elastic 
properties of the model obtained with WiseTex/MeshTex (state of the art) 
and the model created with Catia/Abaqus/ORAS (new technique) show a 
good correlation.  
 The additional experimental tests performed resulting in the in-plane elastic 
properties showed that the new technique is suitable for the creation of a 
meso-scale model with periodic boundary conditions.  
The freedom given to the users allows a profound study of the reinforcing 
architecture viz. the influence of the yarn thickness, the crimp size, the alignment of 
the yarns. Additionally the numerical effects can be quantified like the influence of 
the mesh size of the matrix and yarns, the size of the heart line mesh without 
artificial change of the shape of the architecture (like in MeshTex).  
The introductory analysis of the numerical local strain profiles within the plies and 
at the free outer surface of the composite under uniaxial tensile load showed the 
importance of the mesh for capturing the peak values. Also a stacked model with 






only in-plane periodic boundary conditions showed a better correlation with the 
experimental results using an embedded Bragg sensor. A comparison with the strain 
profiles obtained with this Bragg sensor showed that the order of magnitude is 
correct, but for obtaining identical absolute values, a perfect location of the Bragg 
sensor as well as the position of the fibres/yarns in the composite should be 
performed. The numerical study on the location of the strain profile showed a 
relatively big influence on the peak values of the local strain in the crimp zone. The 
maximum in-plane longitudinal strain in the matrix occurs at the central position of 
a yarn at the crimp location while the minimum strain is observed in the resin 
pockets in the crimp zone. 
In order to show the potential of the ORAS software: 
 a meso-scale spread tow plain weave carbon fabric reinforced epoxy 
composite simulation was developed. It highlighted the importance of the 
intra yarn fibre volume fraction and the overall fibre volume fraction on 
the mechanical behaviour of the composite 
 a meso-scale CAD model has been built with a hole inside in order to show 
that a irregularity in the model can be meshed like for example a drilled 
hole.         
 
This work on meso-scale level emphasizes the need of realistic meso-scale FE 
models with the implementation of the imperfections and correct stacking (and 
nesting) of the yarns in order to correctly predict their influence on the local strains 
and thus stresses in the composite. These will be necessary for the implementation 
and calculation of damage models in meso-scale FE models. Therefore an accurate 
comprehension of the different techniques for the implementation of damage under 
mode I, mode II and mixed mode I/II was reached through experimental testing and 
numerical simulation of mode I DCB and mode II ENF tests with and additional 
numerical introduction to the mixed mode I/II MMB test. 
 
8.1.2 Experimental analysis of the mode I DCB and mode II ENF 
tests 
8.1.2.a Mode I 
In a first phase the standard for the mode I DCB was applied on unidirectional GF 
epoxy test samples in order to obtain insight on the best procedure for obtaining 
repetitive consistent results. The interlaminar fracture toughness (GIc) at initiation 
for multiple test samples was obtained with the different techniques starting from the 
load-displacement curves and the visual technique (NL point, 5% offset and VIS). 
The MBT, CC and MCC data reduction schemes were applied. The results showed 
that depending on the calculation of the initiation point combined with the data 
reduction schemes, the values for GIc, ini can differ a lot. For the GIc, prop a consistency 
in the result was obtained. Finally, the results of the load-displacement curves were 






compared with the analytical results. The mode I DCB standard (ASTM D5528) 
originally defines the procedure for determining the interlaminar fracture toughness 
(GIc) of unidirectional composites. However the core material of this work is the 5-
harness satin weave CF reinforced PPS, which is a woven fabric, and does not fulfil 
the definition of the ASTM standard concerning the material. A procedure was 
developed for obtaining the mode I critical strain energy release rate. By correlating 
the images made with a microscope with the load displacement curves, it can be 
concluded that a crack mostly initiates and/or propagates in the crimp area of the 
weft and warp yarns.   
8.1.2.b Mode II 
The mode II critical strain energy release rate was performed on the CETEX 
material and leads to consistent results for the GIIc, prop (= propagation fracture 
toughness) but makes clear that the procedure described in the standard for obtaining 
the GIIc, ini generates results which are very sensitive to small deviations of the 
curves. This is because the part of the R-curve in which GIIc, ini is calculated is very 
steep and thus a small shift in the aeq results in a big shift in the GIIc, ini. On the other 
hand GIIc, prop is calculated on a plateau portion in the R-curve and therefore is less 
sensitive to shifts in the aeq value.          
 
8.1.3 Numerical analysis of the mode I DCB and mode II ENF tests 
and an initial simulation of the MMB (mode I/II) test 
Starting with a comparison between the VCCT and cohesive zone method, the focus 
was put on the cohesive zone method since no initial delamination is obligatory as 
opposed to the VCCT method. Since in papers the values of all the needed 
parameters for the CZM results are often not given, a complete analysis of the 
different parameters affecting the mode I (DCB) and mode II (ENF) simulation 
results on composite samples have been identified and studied. For the mode I and 
the mode II simulations it was shown that beside the parameters as mesh type and 
size, stabilization method, output frequency, sample geometry and boundary 
conditions affect the results, but also the combinations of all the different 
parameters. A good correlation was obtained between the simulated, the 
experimental and the analytical load-displacement curves when the different factors 
combined are taken into account. It was numerically proven that for the mode I 
(DCB) analysis a small change in thickness of one of the two substrates composing 
the composite can lead to other results than expected by the analytical solution. A 
same conclusion can be drawn concerning the friction for the mode II (ENF) and the 
supporting rods leading to different results between the propagated parts of the load-
displacement curves.  
A general conclusion when dealing with numerical and experimental tests of mode I 
and mode II or delaminations in general is that when one wants to achieve a 
correlation between the experimental and numerical curves, it would be better to 






give a range in which the numerically obtained curves would be lying, using 
different parameters, rather than giving a result correlating with one curve because 
of the impact of the different numerical parameters. Finally an introduction was 
given concerning the mixed mode bending test simulation. 
 
8.1.4 Numerical tools reducing the pre-processing time for the 
construction of numerical finite element models at meso- and 
macro-scale 
Beside the ORAS software for the implementation of periodic boundary conditions 
on multiple parts meshes with non-periodic meshes at opposite faces, some tools 
have been developed reducing the pre-processing time needed for building a meso-
scale model. On one hand certain tools improve the construction of a regular mesh 
meso-scale model and on the other hand tools have been developed for the ease of 
implementing cohesive elements for damage calculations. The tools developed have 
to be applied on an orphan mesh and can be summarized as follows: 
 a contact zone definition tool which automatically generates a surface (set) 
which can be used for interaction definitions. It can handle inside or outside 
surfaces and the user can choose if the elements at the boundaries of a 
domain (think of the outer faces of the meso-scale model) have to be 
implemented or not 
 a Boolean mesher has been developed. It allows a Boolean operation on an 
orphan mesh starting from a shell volume. This can be handy for example if 
a meso-scale model has been defined with all the needed boundary 
conditions and if the impact of a hole (or other) on such a model has to be 
analysed. Instead of recreating a CAD model, meshing in a CAE 
environment and building all interactions and boundary conditions from 
scratch, the Boolean mesher simply extracts the desired volume (shell) 
from the original mesh. Both the extracted volume and the mesh from 
which was extracted can be used for analysis. 
 If one has to study the mode I, mode II and mixed mode I/II delaminations 
of a composite, the pre-processing time and the work needed for obtaining 
a convergent numerical model are time consuming. A tool developed in this 
work allows the automatic generation of these test samples consisting of 
two substrates (top and bottom) and a cohesive element layer in between 
with zero thickness or not. The contact zones are generated automatically 
and the user chooses the mesh type and size, position in the assembly, the 
material and the orientation if orthotropic.  
 In a textile reinforced composite meta-delaminations can occur. In order to 
be able to simulate such a phenomenon a tool was developed allowing the 
creation of a cohesive layer starting from a surface. It is linked to the 
contact zone definition tool and both can be generated simultaneously. An 
example of such a cohesive layer on a yarn has been shown. 






 Finally a tool was developed for the automatic wrapping of cohesive 
elements (embedding) around regular mesh elements. If a crack within the 
matrix or through a yarn of a meso-scale model has to be studied, this tool 
generates an adequate cohesive mesh in between the user selected mesh. 
Since a certain thickness can be given to the cohesive elements, it can be 
used on macro-scale in an explicit solver. 
 
 
8.2 FUTURE WORK       
The work presented here enables to conceive in time efficient way more complex 
meso-scale models approaching the reality of the manufactured composites. 
However following research is suggested in the future for a better understanding of 
the mechanical behaviour of the real composites. 
 
8.2.1 Meso-scale CAD/CAE model 
The CAD models are nowadays created using idealized shapes of the yarns. The 
corresponding micro-CT scans and manually translated in geometrical sizes which 
are converted into a CAD model with idealized reinforcing architecture. But from 
the industry there is a growing demand in a correct modelling and prediction of the 
mechanical properties (stiffness, strength, fatigue) of models representing the real 
manufactured composites with the “real” alignments of the yarns and variations of 
the cross sections. An additional question is often raised viz. the impact of the 
different defects (voids, cracks…) caused during service or in production on the 
mechanical properties. Therefore it is advised to build a pre-processing step for the 
automatic conversion of a micro-CT scan into a numerical meso-scale model of the 
real studied composite. Nowadays the most used method for the research of the 
porosities in a composite is to use the inclusion method of Mori-Tanaka [1]. But 
what is the impact of the shape of the porosities on the material behaviour? It is 
suggested to develop a method for the conversion of real porosities and its shapes 
into a micro-model for the calculation of the impact on the elastic properties or even 
more on the strength of the material.  
 
Spread tow reinforced composites are more and more used in the industry. The 
software developed in this work allows the meso-scale simulation of such 
reinforcing architectures. But a CAD model integrating the real manufactured details 
of the composite is advised especially for capturing the details in the crimp zone 
such as the size of the crimp and the size of the matrix pockets. Of course all the 
obtained elastic properties of these models should be compared to experimental tests 
which have to be performed. 
 






If the local strain profiles in a meso-scale model have to be obtained with an 
accurate correlation with the experimental results using an embedded Bragg sensor, 
this sensor should be integrated in the numerical model with its exact location in the 
composite and integrating its undulations. This could be obtained with a micro-CT 
scan. The numerical simulation results can help interpreting the results of the Bragg 
sensor as well as improving the correlation with the experimental strain profile 
results. A combination with a DIC analysis capturing the out of plane deformation 
could generate interesting results regarding the meso-scale modelling with multiple 
fabric layers stacking. 
8.2.2 Damage meso- and macro-scale modelling 
The experimental research on mixed-mode bending will have to be performed for 
the definition of the Benzeggah-Kenane parameter [2]. This will be necessary in 
meso-scale as well as macro-scale level simulations. A difficulty nowadays is still 
the use of the correct cohesive law when dealing with cohesive elements in a 
damage propagation analysis. The most often used method for obtaining the 
cohesive laws is the inverse method [3] by optimization of the parameters leading to 
a correlation between the experimental load-displacement curves. But in this work it 
was proven that a lot of parameters can have an impact on the load-displacement 
curves. Other methods have been used for thick composites like the DIC for the 
calculation of the cohesive laws through the J-integral calculation [4,5]. The 
development of this method on equivalent slender beams for mode I and mode II test 
samples would increase the accuracy of cohesive laws. 
 
Beside the numerical simulations needed for obtaining the elastic properties of the 
textile fabric composites in all the different directions, the meso-scale models will 
be necessary for understanding the damage and crack propagation within the 
composites. Together with a study of the damaged experimental samples under a 
microscope or through a micro-CT scan, the zones can be defined in which cohesive 
elements could be used and implemented for meta-delaminations for example. New 
multi-scale methods will have to be developed leading to new material models 
which can be used for the prediction of the failure under fatigue loading. The same 
exercise would have to be done regarding the impact loading. If a complete 
numerical model at meso-scale would be used the calculation times would be 
infinite for very large structures like a wind turbine blade for example. But a multi-
scale approach would combine the advantages of the different levels. 
8.2.3 Numerical tools for the automatic generation of meso-scale 
models 
An optimization of the refinement algorithms of the Boolean mesher could be done 
concerning the projection of the nodes in the algorithm leading to the Boolean 
operation and delivering the unstructured mesh. Two approaches are thought of:  






 the mesh elements in the area where the nodes are reorganized could be 
refined in order to create a finer mesh in the boundaries;  
 the elements of the solid mesh crossed by the shell volume shape defining 
the Boolean operation could be eliminated and the nodes of the elements at 
the inner and outer side of the shell could be projected on the surface of the 
shell. In between these new projected nodes and the nodes which have been 
projected, new elements could be created leading to a fine mesh at both 
parts of the Boolean operation. 
The Boolean mesher can be transformed into a complete meso-scale mesher in 
which the entire unit cell would be created with hexahedral or tetrahedral solid 
elements.  
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